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Iteration in the conceptual design stage is defined as repetition of design tasks to 
incorporate new information. A more concise definition of iteration relevant to this 
research would be the progression of design through different abstraction levels or design 
stages, defining and refining design solutions while progressing from initial concepts to a 
more detailed design. Although it is believed that iteration has a positive effect on the 
quality of ideas in the design process, this experimental study presents an opportunity to 
determine the effects of iteration on quality of concepts and the factors that lead to 
increased quality of concepts. The research presented in this thesis details two user 
studies that were conducted to determine and understand if iteration in the conceptual 
design stages promotes quality of design concepts. The first user study conducted in this 
paper involved twelve mechanical engineering graduate students where the participants 
were provided with a design problem and were asked to generate solutions for the design 
problem. In order to study iteration of design tasks in the conceptual design stages the 
participants  were divided into three user groups with the first user group participating in 
a continuous ideation session and the second and the third user groups engaged in a 
iterative ideation session involving one and two iterations respectively. The user groups 
that engaged in an iterative ideation session followed the Gallery method of idea 
generation. The concepts generated by these students were evaluated in terms of quality 
and quantity metrics by two raters.  Results from this study indicate that the quantity of 
ideas generated decreases with an increase in the number of iterations. A second user 
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study was conducted to study effect of iteration of quality and quantity of concepts by 
using incubation as an ideation component. This study involved nine graduate level 
mechanical engineering students generating design solutions to a problem provided to 
them. The participants were divided into three user groups with the first user group 
participating in a continuous ideation session and the second and the third user groups 
engaged in an ideation session involving one and two design iterations respectively. The 
purpose of this study was to observe, record and analyze the design performance of the 
participants when iteration is explicitly performed in an unsupervised setting. The 
concepts generated by the participants were then evaluated from the perspective of ‘best’ 
quality in addition to average quality of ideas from the session. The results from this user 
study indicated that the ‘best’ quality of ideas at the participant level increases with an 
increase in the number of iterations. Consequently the number or the quantity of ideas 
decreases with an increase in the number of iterations resulting in a strain of convergent 
high quality design solutions. Our proposed model of creativity based on an iterative idea 
generation process suggests that as the number of iterations increases the pool of ‘high’ 
quality ideas decreases ultimately resulting in a significant decrease in the number of 
high quality ideas under consideration for the next stage of the design process. An 





I would like to thank the Department of Mechanical Engineering for providing me 
an opportunity to pursue this research. I would also like to thank my advisor Dr. Gregory 
Mocko, for his continued support and guidance throughout the course of the work 
presented in this thesis. I also want to acknowledge and thank Dr. Georges Fadel and Dr. 
Lonny Thompson for serving on my committee and providing feedback on this work. 
I also would like to thank my fellow CEDAR lab member for their continued 
support and feedback they have provided over the course of this work. 
Last but certainly not the least I would like to thank my parents for their 
continued support of my higher education. Without them, none of this would be possible. 
 v 
TABLE OF CONTENTS 
    Page 
Title Page ..............................................................................................................................i 
Abstract ............................................................................................................................... ii 
Acknowledgments.............................................................................................................. iv 
List of Tables .................................................................................................................... vii 
List of Figures ..................................................................................................................... x 
Chapter One : Introduction ................................................................................................. 1 
1.1 Motivation ................................................................................................................. 1 
1.2 Thesis overview ........................................................................................................ 2 
Chapter Two : Literature review ......................................................................................... 4 
2.1 Ideation methods ....................................................................................................... 4 
2.2 Iteration in the design process .................................................................................. 6 
2.3 Metrics to measure ideation effectiveness .............................................................. 11 
2.4 Creativity and sketching ......................................................................................... 19 
2.5 Summary and identification of research opportunities ........................................... 20 
Chapter Three : Research objective and questions ........................................................... 22 
Chapter Four : Research framework ................................................................................. 28 
4.1 User study 1 ............................................................................................................ 30 
4.2 User study 2 ............................................................................................................ 40 
4.3 Inter rater agreement ............................................................................................... 45 
4.4 Summary ................................................................................................................. 46 
Chapter Five : User study 1 results ................................................................................... 47 
5.1 Quantity of concepts ............................................................................................... 47 
5.2 Quality of concepts ................................................................................................. 50 
5.3 Summary ................................................................................................................. 63 
 vi 
Chapter Six : User study 2 results and analysis ................................................................ 65 
6.1 Quantity of concepts ............................................................................................... 66 
6.2 Quality of concepts ................................................................................................. 69 
6.3 Quality of concepts from the ‘best’ idea perspective ............................................. 85 
6.4 Summary ................................................................................................................. 90 
Chapter Seven : Conclusions and Future work ................................................................. 93 
7.1 Research Contributions ........................................................................................... 93 
7.2 Answering Research Questions .............................................................................. 94 
7.3 Research conclusions ............................................................................................ 101 
7.4 Future Research opportunities .............................................................................. 103 
References ....................................................................................................................... 106 
Appendices ...................................................................................................................... 110 
Appendix A: User Study 1: Mean quality score of two raters used in the analysis .... 111 
Appendix B: User Study 2: Mean quality score of two raters used in the analysis .... 113 
Appendix C: Concept Sketches from the user studies ................................................ 115 
 
 vii 
LIST OF TABLES 
Table                Page 
Table 4.1: Summary of the user studies ............................................................................ 29 
Table 4.2: List of requirements developed for the user study 1........................................ 34 
Table 5.1: Sample t test to compare quantity of concepts from User group A and B ...... 48 
Table 5.2: Sample t test to compare quantity of concepts from User group A and C ...... 48 
Table 5.3: Sample t test to compare quantity of concepts from User group B and C....... 49 
Table 5.4: Sample t test to compare concepts generated per participant per minute from 
User group A and B .......................................................................................................... 49 
Table 5.5: Sample t test to compare concepts generated per participant per minute from 
User group A and C .......................................................................................................... 49 
Table 5.6: Sample t test to compare concepts generated per participant per minute from 
User group B and C........................................................................................................... 50 
Table 5.7: List of requirements for the design problem.................................................... 51 
Table 5.8: Scale developed for measuring quality ............................................................ 52 
Table 5.9: Interpretation of Kappa values......................................................................... 53 
Table 5.10: Quality scores for the each concept using the median method ...................... 54 
Table 5.11: Inter rater agreement between the two raters for the initial scale .................. 55 
Table 5.12: Average quality of concepts across the user groups ...................................... 57 
Table 5.13: Wilcoxon Whitney-Mann test to compare means of the user groups A and B 
at the concept level............................................................................................................ 58 
Table 5.14: Wilcoxon Whitney-Mann test to compare means of the user groups A and C 
at the concept level............................................................................................................ 58 
Table 5.15: Wilcoxon Whitney-Mann test to compare means of the user groups B and C 
at the concept level............................................................................................................ 58 
Table 5.16:  Wilcoxon Whitney-Mann test to compare means of the user groups A and B 
at the concept level............................................................................................................ 59 
Table 5.17: Wilcoxon Whitney-Mann test to compare means of the user groups A and C 
at the concept level............................................................................................................ 59 
Table 5.18: Wilcoxon Whitney-Mann test to compare means of the user groups B and C 
at the concept level............................................................................................................ 59 
 viii 
Table 5.19: Wilcoxon Whitney-Mann test to compare means of first and last concepts for 
Group A ............................................................................................................................ 60 
Table 5.20: Wilcoxon Whitney-Mann test to compare means of first and last concepts for 
Group B ............................................................................................................................. 60 
Table 5.21: Wilcoxon Whitney-Mann test to compare means of first and last concepts for 
Group C ............................................................................................................................. 60 
Table 6.1: Number of concepts developed by user group 2 ............................................. 67 
Table 6.2: Number of concepts developed by user group 3 (IG31 vs IG33) ....................... 67 
Table 6.3: Number of concepts developed by user group 3 (IG31 vs IG32) ...................... 67 
Table 6.4: Number of concepts developed by user group 3 (IG32 vs IG33) ...................... 68 
Table 6.5: Two sample t test to compare concepts generated per minute for User group 1 
and 2 .................................................................................................................................. 68 
Table 6.6: Two sample t test to compare concepts generated per minute for User group 1 
and 3 .................................................................................................................................. 68 
Table 6.7: Two sample t test to compare concepts generated per minute for User group 2 
and 3 .................................................................................................................................. 69 
Table 6.8: Scale developed for measuring quality ............................................................ 70 
Table 6.9: Average quality of ideas across four user groups (initial evaluation) ............. 71 
Table 6.10: Two sample t-test to compare means of the user groups 1 and 2 at the concept 
level (initial evaluation) .................................................................................................... 72 
Table 6.11: Two sample t-test to compare means of the user groups 1 and 3 at the concept 
level (initial evaluation) .................................................................................................... 72 
Table 6.12: : Iterations for inter rater agreement .............................................................. 74 
Table 6.13: Updated scale used for measuring quality ..................................................... 75 
Table 6.14: Method for evaluating quality at the concept level ....................................... 76 
Table 6.15: Average quality of ideas across the three user groups ................................... 77 
Table 6.16: Wilcoxon Whitney-Mann test to compare means of the user groups 1 and 2 at 
the concept level ............................................................................................................... 78 
Table 6.17: Wilcoxon Whitney-Mann test to compare means of the user groups 1 and 3 at 
the concept level ............................................................................................................... 78 
Table 6.18: Wilcoxon Whitney-Mann test to compare means of the user groups 2 and 3 at 
the concept level ............................................................................................................... 78 
Table 6.19: Average quality of ideas for the individual ideation session in group 2 ....... 81 
 ix 
Table 6.20: Wilcoxon Whitney-Mann test to compare average quality of concepts within 
user group 2....................................................................................................................... 81 
Table 6.21: Average quality of ideas for the individual ideation session in group 3 ....... 83 
Table 6.22: Wilcoxon Whitney-Mann test to compare average quality of concepts within 
user group 3....................................................................................................................... 83 
Table 6.23: Summary of research questions ..................................................................... 85 
Table 6.24: Participant best overall score ......................................................................... 87 
Table 6.25: Wilcoxon Whitney-Mann test to compare best concept quality for each 
ideation session within user group 2 ................................................................................. 87 
Table 6.26: Wilcoxon Whitney-Mann test to compare best concept quality for each 
ideation session within user group 3 ................................................................................. 87 
Table 7.1: Answers to research questions ....................................................................... 102 
 
 x 
LIST OF FIGURES 
Figure               Page 
Figure 1.1: Research Overview........................................................................................... 3 
Figure 2.2: Engineering design framework [1] ................................................................... 7 
Figure 2.3: Conceptual design phase of the design process[19] ....................................... 10 
Figure 2.4: Ideas generated during the initial round of idea generation indicating low 
variety and high novelty.................................................................................................... 16 
Figure 2.5: Ideas generated during the ideation session indicating high variety .............. 17 
Figure 2.6: Expected model of creativity based on a iterative idea generation process ... 18 
Figure 4.1: The design problem and the list of design requirements ................................ 32 
Figure 4.2: User group description ................................................................................... 33 
Figure 4.3: Sketch template handed out to participants .................................................... 36 
Figure 4.4: Sample concept from User Study 1 ................................................................ 37 
Figure 4.5: Sample concept from the User study 1 ........................................................... 38 
Figure 4.6: Sample concept from the User study 1 ........................................................... 39 
Figure 5.1: Quality scores for user group A ..................................................................... 61 
Figure 5.2: Quality scores for user group B ...................................................................... 62 
Figure 5.3: Quality scores for user group C ...................................................................... 62 
Figure 6.1: Plot of average quality of concepts at the concept level across the user groups 
(initial evaluation) ............................................................................................................. 73 
Figure 6.2: Plot of average quality of concepts at the concept level across the user groups
........................................................................................................................................... 79 
Figure 6.3: Average quality of concepts for each ideation session in user group 2 ......... 82 
Figure 6.4: Average quality of concepts for each ideation session in user group 3 ......... 84 
Figure 6.5: Quality scores for all three user groups across the concepts .......................... 84 
Figure 6.6: Sum of 'best’ quality score from individual ideation periods in user group 2 89 
Figure 6.7: Sum of 'best’ quality score from individual ideation periods in user group 3 90 
Figure 7.1: Results for User Group 2 from User Study 2 ................................................. 96 
Figure 7.2:  Results for User Group 3 from User Study 2 ................................................ 97 
 1 
CHAPTER ONE: INTRODUCTION 
1.1 Motivation 
The objective of this research is to study if iteration in the design process 
enhances creativity in the conceptual design phases. Iteration in design has different 
meanings, ranging from simple task repetition to heuristic reasoning processes [1]. With 
respect to this research we broadly define iteration as cycle of gathering information, 
processing that information, identifying possible design revisions, and executing those 
revisions in pursuit of a goal [2]. Iteration is a cyclic process involving, testing, analyzing 
and refining a process. It is the repetition of design tasks due to the arrival or discovery of 
new information [3].  
While iteration of tasks is needed for a team of designers to complete a design, it 
normally leads to delay and variability in production lead time. Osborne [4] through his 
experiments estimated that iteration of design tasks during the conceptual stages 
accounted for one third to two thirds of total product development time of most product 
development projects which translates into a major portion of the product development 
budget. Research in design creativity has not studied the effects of iteration in the 
conceptual design stages of product development on the quality and quantity of the 
designs at the end of this stage. Also, the relationship between the number of iterations 
and its effect on quality of concepts has not been addressed by current literature. 
The first part of the research involves determining how design iteration in the 
conceptual design stages enhances creativity. The performance of the designers with 
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respect to this research is measured in terms of quality and quantity of ideas generated. A 
user study is conducted with the objective to determine the effect of design iteration on 
the quality of concepts. 
The second part of the research pertains to the comparison of the quantity metric 
across iterative and continuous ideation. The objective is to determine the relationship 
between the quantity of the design solutions generated during an ideation session and the 
number of ‘high’ quality solutions that are generated. Our proposed model suggests that 
as the number of design iterations increases the pool of ‘high’ quality ideas decreases 
ultimately resulting in a substantial decrease in the number of high quality ideas under 
consideration for the next stage of the design process. 
1.2 Thesis overview 
This research work primarily aims to understand the effect of design iteration on 
design performance in the conceptual design stage of the design process. This task is 
accomplished through two user studies. The initial user study was conducted to 
understand the effect of iteration using the Gallery method of design ideation on design 
performance. The second user study focussed on the effect of design iteration on design 
performance using incubation as a component in the idea generation process. Chapter 2 
reviews associated literature covering design ideation methods, iteration in the design 
process and metrics that are used to measure the effectiveness of ideas generated during 
the idea generation process. Chapter 3 discusses the research gaps and how the research 
questions address the gaps in the literature. The experimental protocol for the user studies 
and the research approach used to answer the research questions is discussed in Chapter 
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4. The results from the first user study are discussed in the Chapter 5 and results from the 
second user study are discussed in Chapter 6. The conclusions drawn from this research 
and the scope for future work are discussed in Chapter 7. 
 





CHAPTER TWO: LITERATURE REVIEW 
2.1 Ideation methods 
Formal idea generation methods have been broadly classified into two categories 
– intuitive and logical. Intuitive methods involve the stimulation of the thought process of 
the designers involved in the design process and predictably the outcome is unpredictable 
but presents an opportunity to the designers to expand their creative horizons to produce 
solutions of high quality and novelty [5]. Logical methods on the other hand, involve a 
more systematic and exhaustive method of problem solving. Depending on the variables 
and the output that need to be studied the appropriate ideation method is chosen. Ideation 
components are believed to intrinsically promote ideation and to help designers overcome 
mental blocks. To carry out empirical design studies at any level, a method to measure 
the effectiveness of ideation has to be specified [6]. The focus could either be on the 
ideation process (the methodology used to carry out the ideation study) or the result of 
the ideation process (based on the ideas or concepts that are generated in the study).  
With respect to this research there are two main questions that need to be addressed – 
what is to be measured to support the research hypothesis, and how it should be 
measured.  The idea generation process should be primarily evaluated and optimized 
before evaluating the results generated from it.  
An intuitive method that is widely used to generate design solutions in the 
conceptual design stages is the Gallery method show in Figure 2.1. This method is 
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particularly used when the design space needs to explored with a small group of 





Figure 2.1: Gallery method of design ideation (Adopted from [7]) 
The designers are given a design problem and asked to generate concepts based 
on the requirements provided to them. After a brief ideation session the concepts 
generated by the designers are displayed on a viewing board for all the designers to see. 
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Usually verbal discussion is not allowed among the designers, in order to avoid any bias 
that would result from the discussion. The designers are then asked to resume the ideation 
session to either build on their own ideas or ideas from the viewing board. With respect 
to this research the idea was to study design iteration as a component minus the 
discussion involved in idea generation sessions. The reason for excluding discussion from 
the idea generation process involved in this research stemmed from the literature on 
design ideation that suggested that discussion during an idea generation lead to problems 
such as design fixation and free riding [8]–[11] – where one dominant person or idea 
influences other ideas in the group. A number of studies on design fixation characterize 
how design fixation shifts the idea generation process to an unwanted direction [12]. 
Since we are trying to extract the quality as metric from the ideation process here, 
incubation was chosen as the treatment in the user study mentioned in Chapter 4.Results 
from experiments conducted by Shah and colleagues [6] indicate that incubation during 
an ideation study had a positive effect on the quality of concepts generated during the 
particular design study. Also, incubation during an ideation session would replicate an 
ideation scenario that is commonplace in the design community in the industry.  
2.2 Iteration in the design process 
Iteration is a term that is often used to describe the design process and is 
commonly accepted that the design process is iterative in nature. When talk about 
iteration in the design process, what are we referring to? Could we iterate more than 
required and can we reduce the lead design time by eliminating unnecessary iterations? 
How much iteration in the conceptual design phase will lead to a significant increase in 
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concept quality? And what is the effect of iteration on the creativity metrics? These are 
some of the questions that need to addressed with respect to iteration in the design 
process. 
Research in engineering design by Costa and colleagues [1] identify and 
categorize design process attributes along two dimensions, activities and abstraction 
levels. A summary of the categorization is shown in Figure 2.2.  
 
 
Figure 2.2: Engineering design framework [1] 
Based on this framework by Costa and his colleagues [1] three iteration types are 
developed based on the abstraction level or the scope change - rework iteration, design 
iteration and behavioral iteration. When designers repeat the same activity at the same 
abstraction level on the same object then it is rework iteration- where all three design 
attributes remain the same when the design task is repeated. If there is a change in the 
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abstraction level of the activity from the first execution then is classified as design 
iteration, because the design progresses through the abstraction levels[2] and evolves to a 
final desired design. Behavioral iteration refers to performing the same activity at the 
same abstraction level, but applied to a different scope[1]. 
In prior literature the common approach is to consider iteration as a repeating 
design activity used to refine the design to achieve an optimal design solution that 
satisfies the design requirements. Ulrich and Eppinger [13] define iteration as repeating a 
completed task to incorporate new information. For example, performing a design review 
and incorporating new information that is discovered from the analysis to further refine 
the design. This one loop is referred to as a single iteration.  
Iteration can be viewed as one of the basic features or building blocks of a design 
process. Iteration is defined as a cyclic process involving, testing, analyzing and refining 
a process. It is the repetition of design tasks due to the arrival or discovery of new 
information[3]. Feedback from testing the most recent iteration of a design is utilized to 
refine the design. This process is intended to ultimately improve the quality and 
functionality of a design. Iterations primarily occur for two reasons[14]: 
 The current design solution fails to meet the requirements 
 An update in the requirements resulting in a new set of requirements 
A common assumption made in the above definitions of iteration is that iteration 
involves sequential decision making [3], [14], [15].  While iteration of tasks is needed for 
a team of designers to complete a design, it normally leads to delay and variability in 
production lead time [14]. Osborne through his experiments estimated that iteration of 
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design tasks during the conceptual stages accounted for one third to two thirds of total 
product development time of most product development projects [4]. Comparison of 
quality across the user groups would determine if iteration in the design process is 
imperative to maintaining or increasing the quality of design concepts as opposed to a 
continuous ideation or concept generation sessions. 
Since iterations have a significant effect on the design in terms of design costs, 
time and quality exploring the nature of iterations and their method of implementation 
may help improve design methods. Researchers have compared iteration based design 
approaches to set- based concurrent engineering [16], [17] approaches and conclude that 
iterative approaches tend to increase development lead time and cost. On the other hand 
prior literature on iteration[1] also suggests that sequential decision making downgrades 
design quality as previous decisions constrain design space and limit a person’s ability to 
align solutions with the design requirements. To prevent downgrading quality, Krishnan 




Figure 2.3: Conceptual design phase of the design process[19] 
Figure 2.3 shows the iteration in the conceptual design stage. Iteration specific to 
the conceptual design stage comprises of obtaining the requirements from the planning 
and clarification stage. The requirements are then used to generate solutions to the design 
problem. This process is iterative and our research primarily addresses this process of 
iteration and its effect on the performance metrics – quality and quantity of concepts. 
This process of generating solutions to the design problem is iterative as seen from Figure 
2.3. 
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Iteration is also described as heuristic reasoning process that includes a broad 
cycle of gathering information, processing that information, identifying potential design 
changes and revisions and implementing those revisions to align with the 
requirements[2]. Ullman, Wood and Craig further expand this definition by stating that 
iteration is a cognitive process that the designer uses when performing activities that 
change the design state [2]. Thus definitions of iteration focus on designer behavior, and 
range from the repetition of activities to more abstract patterns of designer behavior. 
2.3 Metrics to measure ideation effectiveness 
The relation between the design ideas generated and the idea generation methods 
used to generate the ideas are evaluated using two basic criteria [20]. 
 How well does the method expand the design space? 
 How well does the method explore the design space? 
The design space explored by the designer is the count of all the ideas or design 
solutions for a given problem [21]. In the conceptual design stage of the design process, a 
designer begins with several ideas; some of these are eliminated as the design process 
moves forward. The reasons for this are that as the design process moves forward the 
design space gets restricted with design requirements or filtering of the design solutions 
based on quality. Novel ideas identified during the conceptual stages of design expand 
the design space resulting in a divergent thinking process [20]. A by-product of design 
space exploration is the number or the quantity of ideas generated during the process. 
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According to Dylla [22] there is a significant correlation between the percentage of the 
design space that has been explored and the final quality of the product. 
Based on the criteria listed earlier four metrics were suggested by Shah and 
colleagues[20] to measure design ideation effectiveness – novelty, variety, quality and 
quantity. Novelty is measure of how different an idea is when compared to the other ideas 
in the solution space. The overall novelty of an idea is calculated using the equation [20] 
                      ∑  
 
   
∑    
 
   
   
where 
  = overall novelty score for an idea with m functions or attributes and n stages 
fj =  weights assigned according to importance of each function or characteristic 
pk= weight according to stage’s importance  
j= function 
k = stage in the design process 
S1= novelty score at stage k 
 
 High novelty results in expansion of the design space and a divergent ideation 
process. Variety reflects the design space that has been explored during the idea 
generation process. When similar ideas are generated it is indicative of low variety and 
the probability of finding better ideas in other areas of the solution space is significantly 
reduced.  The overall variety measure is given by [20] 
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where 
bk is the number of branches at level k 
Sk is the score for level k 
fj =  weights assigned according to importance of each function or characteristic 
n= total number of ideas 
 
Quantity refers to the number of ideas generated during the idea generation 
process. It is the count of the number of ideas generated during the ideation session. 
Quality is defined as conformance to the requirements or the feasibility of an idea 
to satisfy the needs. The quality of a design solution or an idea is an independent attribute 
as it relates to or can be identified with a physical output or performance of a 
product[23]. At the conceptual design stage quality can be estimated by assigning values 
to the concepts generated even though there may be lack of quantitative information to 
perform a full analysis. This preliminary analysis can lead to a filtering of the concepts or 
the design solutions of high quality that can be brought forward to the embodiment stage 
of the design process. In the embodiment stage, quantitative analyses can determine if the 
design solutions brought forward match the expected values of the desired attributes and 
variables. The overall quality score as given by Shah[20] 
                     ∑  
 
   
∑
     
  ∑   
 
   
⁄
 




Sk is the score for level k 
fj =  weights assigned according to importance of each function or characteristic 
m is the total number of functions 
pk  is the weight for stage k 
With respect to performance metrics, prior literature primarily focusses on 
average quality of the ideas generated and the number of ideas generated during an 
ideation session as performance metrics. Quality ratings are usually scores that are 
assigned on a scale chosen by the raters evaluating the ideas generated. Also, in most of 
the experiments two or more raters evaluate the ideas to ensure some level of consistency 
and to verify reliability. For example in the experiments conducted by Diehl and Strobe 
[9] the ideas generated during the experiment were evaluated for originality and 
feasibility on a five-point scale. The reliability was then assessed by having another rater 
rate the ideas on the same scale. 
In this research the quality of ideas that are generated during the idea generation 
sessions are evaluated from the perspective of best quality rather than the average quality 
of ideas from the session. When considering the quality metric, there are two expressions 
that would simplify the metric with respect to this research – global quality and local 
quality. Global quality refers to average quality of ideas that are generated during the idea 
generation session. Local quality refers to the ‘best’ idea in terms of quality that is 
obtained from the same idea generation session. Considering the average quality of ideas 
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is not an accurate representation of the quality of ideas generated and thus we are 
interested in the ‘best’ idea in terms of quality or the local quality in this case[24]. 
When the ideas developed from idea generation session are plotted using a normal 
distribution curve that represents quality of ideas that conform to the design 
requirements, then the extremities would be the highly novel ideas. As stated earlier in 
the section we are interested in the local quality of ideas when we consider design 
ideation as opposed to global quality of ideas, thereby it is the ideas with the best quality 
that are brought forward to the next round of iterations and the subsequent. Developing 
novel ideas for the sake of originality is an option when the design space has to be 
thoroughly explored, but is not a viable option in most industrial design scenarios. In 
terms of novelty and variety Shah’s metrics[20] provide us with a perspective on how 
well the design space is explored and the if the ideas generated during the ideation 
session have expanded the design space respectively. Highly novel ideas that are 
developed by designers are usually not the ideas with the highest quality scores as highly 
novel ideas are typically ‘out of the box’ ideas. On the contrary the ideas with the highest 
quality also are highly novel, in the sense that the best quality ideas in an idea generation 
session are the ones that have addressed the design requirements better than the other 
ideas. Variety as a metric is useful when the intent is to converge on a particular area of 
the design space to produce high quality ideas. Ultimately all of Shah’s[20] metrics point 
to quality, since at the end of any idea generation the motive is to end up with high 






Figure 2.4: Ideas generated during the initial round of idea generation indicating 
low variety and high novelty 
Figure 2.4 shows a plot of quality of concepts in the design solution space when 
designers are first presented with the design problem. The idea pool in the figure 
indicates the pool of ideas that are initially generated. As expected the ideas generated 
initially have low variety. In terms of novelty we can comment that the ideas generated 
by the participants may look to explore the design space and generate highly novel ideas. 
On the contrary the participants could adhere to a set of ideas or concepts limiting the 
output of the idea generation session resulting in insufficient exploration of the design 
space and low novelty with respect to other ideas in the idea pool. Novelty of an idea, in 
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this case is relative to the other ideas in the idea pool. An alternate scenario is where we 
see the designers exploring the design space resulting in an increase in the variety of the 
ideas generated. The term variety here is measured relative to the ideas in the ideal pool. 
The designers explore the design space with respect to the requirements following a 
divergent pattern of design space exploration [24] generating ideas with high novelty and 
high variety as shown in Figure 2.5.  
 
 
Figure 2.5: Ideas generated during the ideation session indicating high variety 
This would ideally be a transitional period where designers explore the design 
space to come up with novel ideas resulting in high novelty and variety but still keeping 
in mind the design requirements and the practicality of the design solution.  Integrating 
Figure 2.4 and Figure 2.5 we can suggest a model of metrics based on an iterative idea 
generation process as shown in Figure 2.6.  
 18 
 
Figure 2.6: Expected model of creativity based on a iterative idea generation process 
As seen from the figure initially there is an idea pool with ideas but only a few of 
them represented by red colored dots are of high quality. As discussed earlier these ideas 
have high novelty and low variety and as participants progress through the idea 
generation session high quality ideas are added to the idea pool. However the average 
quality of ideas during the initial stages of the ideation session is still low as the high 
quality ideas are averaged out by the low quality solutions in the idea pool. The ‘best’ 
quality ideas – the ideas with high quality are then taken forward resulting in an iterative 
process. The high quality ideas are worked on in the next stage with participants building 
on the high quality solutions brought forward from the previous ideation segment. The 
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variety of the ideas generated decrease as the high quality solutions are brought forward 
at each iteration narrowing down the design space. This process is iterative and continues 
until the end of the idea generation session. The result is design solutions of high quality 
that have been built over the course of the idea generation session. With respect to 
quantity of ideas, since the design space is considerably narrowed we end up with fewer 
ideas when compared to the start of the idea generation session [24]. This indicates that 
the designers are converging on a common strain of ideas to develop high quality 
concepts towards the end of the idea generation session. These above scenarios converge 
to our proposed model for metrics based on an iterative idea generation process in the 
conceptual design stage and its effect on the quality of design solutions. As seen in Figure 
2.6 we have considered the quality of the ‘best’ idea as opposed to the average quality of 
ideas like in user studies in prior literature [9], [25]–[28]. As seen from the model the 
‘best’ idea quality increases with an increase in the number of iterations as the idea pool 
decreases consequently decreasing the reducing the associated novelty and variety of the 
ideas. Ideally, towards the end of the idea generation session the ideas would have low 
variety and a low novelty and would follow a strain of ideas that conform to the design 
requirements thereby resulting in high quality. 
2.4 Creativity and sketching  
Creativity is a field which is regarded as an integral part of engineering design. 
Many different tools and techniques may be used in the concept generation phase of 
design including: brainstorming, morphological analysis, collaborative sketching, and 
synectics. Based on the problem, the designers formalize the ideation technique and then 
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the ideas are externalized by either drawing sketches, texts or other means. Design 
sketching is one of the most commonly used methods to communicate, refine, and 
explore the solution space. Freehand sketches are representations of what a designer 
thinks and are often used within a design process to express design ideas. In this 
experiment, sketches along with annotated descriptions are used to represent the concepts 
generated by the designers. Additionally, the concepts are evaluated in terms of the 
design metrics based on the freehand sketches. 
2.5 Summary and identification of research opportunities 
The objective of this chapter is to understand and review the background for this 
research. The literature reviewed in this chapter provided the gaps that led to the 
proposed framework for the current research that is explained in Chapter Four. A 
summary of the literature in this chapter is as follows: 
 Design – mainly conceptual design is an iterative process that enables 
designers to produce design solutions that conform to the design 
requirements 
 Iteration in the design process is well documented, but its effect on the 
metrics to measure ideation effectiveness – especially quality of concepts 
has not been thoroughly explored 
 To address this gap, a model of design iteration is proposed that explores 
the effect of performing design iteration in the conceptual design stages on 
the quality of concepts that results from the idea generation sessions 
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 Prior design literature uses the concept of average quality of ideas 
generated during the idea generation session as a metric to rate the design 
performance. This is a drawback of existing models as they are not 
representative of the ‘best’ quality of ideas when average quality for the 
entire idea generation session is considered. 
 To address this drawback the metric used in this research is the ‘best’ 
quality as opposed to average quality of concepts. The ‘best’ quality refers 
to the concept with the highest quality score from a particular ideation 
session. It is important to study if design iteration promotes an increase in 
the ‘best’ idea quality to show that design iteration has a positive effect on 
design performance 
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CHAPTER THREE: RESEARCH OBJECTIVE AND QUESTIONS 
The primary objective of this research is to study iteration in the conceptual stage of the 
design process and its effect on the quality of concepts generated. This forms the basis for 
the primary research question that is addressed through this research. 
 
Overarching RQ:  How does design iteration affect design performance in the 
conceptual design stages? 
Iteration is defined as a cyclic process involving, testing, analyzing and refining a 
process. It is the repetition of design tasks due to the arrival or discovery of new 
information [14]. Research on creativity in the design process does not adequately 
address the effects of iteration on concept quality in the conceptual design stage. To 
address these gaps in current literature two user studies involving graduate mechanical 
engineering students were conducted to identify the relationship between design iteration 
and the quality of concepts generated during an idea generation session. Both the user 
studies involved participants generating ideas based on a design problem – the directed 
study employed the gallery method to generated ideas while the User study 2 used 
incubation as a component in the idea generation session. The ideas generated were then 




RQ1: How does design iteration affect the quality of concepts within conceptual 
design? 
The objective of this research is to determine if design iteration in the conceptual 
design stage enhances the quality of concepts generated by the designers. The metrics 
used to measure the effectiveness of iteration on the ideation process are idea quality and 
quantity of ideas generated. Quantity refers to the number of concepts developed during 
an ideation session. We are interested to determine the effect of design iteration as the 
designers progress through an idea generation session. The proposed model of creativity 
from Chapter 2 suggests that the ‘best’ idea quality increases with an increase in the 
number of iterations as the idea pool decreases consequently decreasing the reducing the 
associated  novelty and variety of the ideas. Ideally, towards the end of the idea 
generation session the ideas would have low variety and a low novelty and would follow 
a strain of ideas that conform to the design requirements thereby resulting in high quality. 
RH1.1: The average quality of concepts generated with design iteration is greater 
than the average quality of concepts generated without design iteration 
Quality of a concept or an idea can be defined as the degree to which it meets the 
design requirements or conformance to the requirements [20]. Selecting the right quality 
characteristics and a scale to measure quality is critical. With respect to this research, the 
list of design requirements, the scale to measure the quality of the individual concepts 
that were developed were considered imperative to the quality assessment both at the 
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requirement and the concept level. The quality score for a particular score is the average 
quality score of all the requirements for a particular concept. 
RH1.2: The average quality of concepts generated with two design iterations is 
greater than the average quality of concepts generated with one design iteration 
We know with respect to this research that the idea was also to determine the 
number of design iterations it would take to achieve a significant change in the quality of 
concepts that were generated during the ideation session.  
RQ2: What effect does design iteration have on the number of concepts generated? 
Quantity of concepts refers to the number of concepts generated by the 
participants during the idea generation session. In line with our proposed model we are 
interested to know if an increase in the number of iterations leads to a constricting the 
design solution space thereby resulting in higher quality solutions and reduced fluency of 
ideas. Prior studies on idea fluency have shown no positive correlation between idea 
fluency and quality  [29].  
 
RH2.1: The number of concepts/ideas generated decreases with an increase in the 
number of design iterations performed. 
Prior literature in the field of design suggests that quantity generates quality. In 
other words, as the number of design solutions generated for a design problem increase 
the number of high quality solutions generated also increase. Our proposed model 
suggests that as the number of design iterations increases the pool of ‘high’ quality ideas 
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decreases ultimately resulting in a substantial decrease in the number of ideas under 
consideration. 
RQ3:  Does an increase in the number of design iterations translate to an increase in 
the quality of concepts? 
To determine a relationship between the number of design iterations required to 
cause a significant increase in quality of the concepts, the quality of ideas that are 
generated during the idea generation sessions are evaluated from the perspective of best 
quality rather than the average quality of ideas from the session. When considering the 
quality metric, there are two expressions that would simplify the metric with respect to 
this research – global quality and local quality. Global quality refers to average quality of 
ideas that are generated during the idea generation session. Local quality refers to the 
‘best’ idea in terms of quality that is obtained from the same idea generation session. 
Considering the average quality of ideas is not an accurate representation of the quality of 
ideas generated and thus we are interested in the ‘best’ idea in terms of quality or the 
local quality in this case [24]. 
RH3.1: At the participant level, the ‘best’ quality of concepts generated with ‘n’ 
iterations is greater than the ‘best’ quality of concepts generated with ‘n-1’ 
iterations 
To validate the model of design iteration presented in Chapter 2, it is important to 
determine the effect of design iteration on the ‘best’ idea quality at the participant level. 
Here we are interested if design solutions generated by the participants in idea generation 
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sessions show a significant improvement in quality with increasing number of design 
iterations.  
RH3.2: Within the user groups the average quality of concepts generated with ‘n’ 
iterations is greater than the quality generated with ‘n-1’ iterations 
The objective of this hypothesis is to further strengthen RQ3. By comparing the 
average quality of concepts generated by the participants at each segment of the idea 
generation we can determine if there is an increase in the quality of concepts as the 
participants iterate through the ideation session. Besides iteration, the effects of example 
exposure and incubation on concept quality can also be studied. The research questions, 












Table 3.1: Summary of research hypotheses 
Research Question Research Hypothesis Tasks 
RQ1: How does 
iteration in the 
conceptual design stages 
enhance design 
performance? 
RH1.1: The average 
quality of concepts 
generated with design 
iteration is greater than 
the average quality of 
concepts generated 
without design iteration 
Compare the average quality of 
concepts generated by 
participants from the user groups 
with iteration with the user group 
without design iteration 
RH1.2: The average 
quality of concepts 
generated with two design 
iterations is greater than 
the average quality of 
concepts generated with 
one design iteration. 
Compare the average quality of 
concepts generated by 
participants from the user group 
with ‘n’ iterations with the user 
group with ‘n-1’ iterations 
RQ2: What effect does 
design iteration have on 
the number of concepts 
generated? 
RH2.1: The number of 
concepts/ideas generated 
decreases with an increase 
in the number of design 
iterations performed 
Compare the number of concepts 
generated by the user groups with 
design iteration and the user 
group with continuous ideation 
RQ3: Does an increase 
in design iteration 
translate to an increase 
in the quality of 
concepts generated? 
RH3.1: At the participant 
level, the ‘best’ quality of 
concepts generated with 
‘n’ iterations is greater 
than the ‘best’ quality of 
concepts generated with 
‘n-1’ iterations 
Compare the ‘best’ idea quality at 
the participant level for the 
segments within the user groups 
with iteration to determine if there 
is a significant change in ‘best’ 
quality with iteration 
RH3.2: Within the user 
groups the average quality 
of concepts generated 
with ‘n’ iterations is 
greater than the quality 
generated with ‘n-1’ 
iterations 
 
Compare the average quality of 
concepts at the participant level 
within user groups with iteration 
to determine if there is an 
increase in average quality with 




CHAPTER FOUR: RESEARCH FRAMEWORK 
 Two user studies were conducted to identify the effect on design iteration on 
concept development. User studies are used in design research to draw comparison 
between different design methods, approaches and tools. User studies are also useful in 
verifying and measuring the effect of a new with a tool currently being used and to 
explore uncharted ground with the help of results obtained [19]. The objective of the user 
studies conducted in this paper is to develop a model to study the effect of iteration in the 
conceptual design stage and to compare results obtained across the user groups in the 
study. The sketches resulting from the study were quantitatively analyzed. The primary 
variable that was analyzed as an output from the two user studies was quality of concepts 
generated. The first user study was conducted with purpose of studying design iteration 
using the Gallery method of ideation while the second user study incorporated studied 
design iteration in a real world design environment. 
Table 4.1 is a summary of the user studies presented in this research. As seen from the 
table in the User study 1 the gallery method of idea generation is used to perform the user 
study. Sketches were generated by the participants and they were analyzed in terms of 
average quality of ideas for the each of the user groups. As explained in Chapter 2 the 
average quality of ideas as metric does not provide an accurate representation of the 
quality of ideas generated in the ideation session. Since we are dealing with the effect of 
iteration on quality of concepts, it is important to determine if the quality of concepts at 
the participant level is increasing with an increase in the number of design iterations. To 
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overcome this, in the User study 2 the metric that is used to determine the number of 
design iterations to be performed is the ‘best’ quality idea at the participant level. 
Table 4.1: Summary of the user studies 
User study attributes User Study 1 User Study 2 





Participants 12 9 
Level of expertise Graduate  Graduate 
Mode of idea generation Individual Individual 
No. of user groups 3 3 
Concept requirement Concept + description Concept + description 
Sketch template No color coded sheets to 
distinguish user groups 
with iteration 
Color coded sheets to 
identify design iteration 
Interactions (DOE) Continuous ideation vs 
Design iteration 
Continuous ideation vs 
Design iteration 




Average quality, ‘Best’ 





4.1 User study 1 
 When designers are provided with a design problem and asked to develop 
concepts based on the problem it would be interesting to study the difference in the 
quality of concepts generated when design iteration is explicitly preformed. In order to 
determine this difference a user study is proposed involved graduate level mechanical 
engineering students. The objective of conducting user studies is to understand the 
interrelationship between the user groups under consideration [30]. The participants in 
the user study were randomly assigned to the user groups. The user study was conducted 
in three sessions, with each session comprising a user group consisting of 5 graduate 
level Mechanical engineering students. The user study was performed outside of normal 
class hours. The students were given a small presentation on expectations and 
experimental protocol for each of the user groups. The experimental setup for the user 
study consisted of a control group and two treatment groups. Some of the noise factors 
that were considered in the experimental design were: 
 Composition of the group: The participants in the study may vary in terms of their 
ability to generate ideas and their design experience. All the students that 
participated in this user study were graduate level mechanical engineering 
students their ability to generate ideas was not measured prior to the study. It was 
assumed that the ability of the participants to generate ideas was similar. 
 Quality ratings: The ratings of the concepts in terms of the quality metric are 
qualitative in nature and hence introduce the potential for variance in measure 
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response variables. The reliability of the ratings is discussed in detail in the 
subsequent sections. 
 The participants were introduced to the design problem by means of the work 
packet provided to them. The contents of the work packet included the experimental 
protocol, expectations, duration of the user study, sheets to sketch concepts on and a 
small questionnaire to elicit feedback on the experiment and general ideation methods. 
The sketch sheets provided to the participants had space for a sketch on the top of the 
page and also for comments and a short description of the idea or the concept at the 
bottom of the sheet.  
4.1.1 Assumptions – User study 1 
 Participants’ ability to generate concepts and their design experience was 
assumed to be uniform. 
 Participants’ ability to generate ideas was not measured prior to the study 
 The ratings of the concepts are qualitative in nature 
 The term inter rater reliability is used here to refer to the degree to which 
raters are "interchangeable," which is to say the extent to which the raters 
"agree" on a  set of ratings [31] 
4.1.2 Problem description 
 The participants were introduced to the design problem by means of a 
presentation. Prior to the introduction of the design problem a brief presentation on 
experimental protocol and idea generation was given to the students (see Figure 4.1). The 
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presentation also included a sample design problem to illustrate the experimental method 
and also provided a sample of the sketch template the participants were asked to sketch 
on. After the participants were provided this presentation and handed out sketch sheets, 
they were asked to start sketching their ideas. The sketch sheets provided to the 
participants had space for a sketch on the top of the page and also for comments and a 
short description of the idea or the concept at the bottom of the sheet. The problem 
statement chosen for this study was to design a car seating mechanism that would place 
the occupant in a desired travel window. The reason for choosing this particular problem 
was that it involved elements and applications that directly involved mechanical 
engineering. It also was a design problem faced in reality by an automotive company. 
The problem statement was developed such that it included functional and non-functional 
requirements and a complete solution would result in the fulfillment of both functional 










“Design a car seating mechanism that will place the occupant in the desired travel window 
(see figure). The car seat will have to facilitate full upward and full forward movement 
along the trajectory to accommodate short users and full rearward and full backward 
movement to accommodate tall users.”  
 The seat has to adhere to the following requirements: 
 The h-point travel window 
 The amount of effort required to adjust the seat must be minimal. 
 When person is seated and buckled in the seat belt attachment points and the 
recliner center must not displace more than 20mm 
 Must not deform elastically to unacceptable extent under normal operating 
conditions 
 Must not rattle (shaking of joints) under normal operating conditions thereby 
avoiding noise 
 Mechanism can be manually or electronically controlled 
 
Figure 4.1: The design problem and the list of design requirements 
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4.1.3 User group description 
The objective of the User study 1 is to determine if the quality of concepts 
increases when iteration is performed using the gallery method. User studies are 
employed in design research to compare different approaches; verify and measure the 
effect of a new tool with the current one and to explore new grounds based on results 
obtained. 
The User study 1 was conducted for this research in three individual sessions to 
observe, record and analyze the design performance of the designers under different 
proposed scenarios. Each session would be conducted with 5 Mechanical Engineering 
students currently pursuing their Master’s degrees at Clemson University. Figure 4.2 
gives a brief overview of the different user groups involved in the user study. 
 
 




4.1.4 List of requirements used in the design problem 
The design requirements are a list of requirements that are provided by the 
customer and address the market needs. During the design of a product, especially in the 
conceptual stage designers constantly compare the concepts generated with the design 
requirements[21]. The requirements of the design problem in this user study are classified 
into functional and non-functional requirements. Functional requirements are defined as 
design requirements that a system should follow, “what a system must do” in order to 
fulfill the purpose of the design. Non-functional requirements are those requirements that 
are external to the system and indirectly influence the function of the system. These 
attributes could be size, shape, texture and safety features [32]. Further the requirements 
that constrain the behavior of a product with respect to the external environment are 
considered to be non-functional requirements. 
Table 4.2: List of requirements developed for the user study 1 
Requirement 
Horizontal motion of seat 
Vertical motion of seat 
Recliner center must not displace more than 20mm 
No elastic deformation 
Minimum noise during operation 
Mechanism to operate the seat (manual  or electronic operation) 
Locking mechanism 
 
With respect to this study, seven requirements were developed that includes two 
functional requirements and five non-functional requirements. Table 4.2 shows the 
functional and non-functional requirements that are used in this study. 
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4.1.5 Data collection 
The packets containing the problem statement and sketching sheets were 
distributed at random to the participants. A short presentation was given to the 
participants regarding expectations and experimental protocol. Irrespective of the user 
group assigned to the participants, the total time assigned to each group was sixty 
minutes. The participants were expected to understand the design problem and generated 
annotated sketches to scale in the sketch template provided to them (see Figure 4.3). Only 
one concept per sheet was allowed and the students were given the freedom of choosing 
the orientation/view of their concepts. 
Apart from asking the students to enter their random experiment ID, no steps were 




























Figure 4.6: Sample concept from the User study 1 
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4.2 User study 2  
The purpose of the second user study was to study design iteration by using 
incubation as a component to promote idea generation. 
4.2.1  Experimental protocol 
The participants in the user study were randomly assigned to the user groups. The 
user study was performed outside of normal class hours and the participants were given 
work packets as a take home experiment. The work packet handed out to the participants 
consisted of expectations and experimental protocol for each of the user groups in 
addition to the sketch sheets on which the participants were asked to sketch on. The 
experimental setup for the user study consisted of a control group and two treatment 
groups. Some of the noise factors that were considered in the experimental design were: 
 Composition of the group: The participants in the study may vary in terms of their 
ability to generate ideas and their design experience. All the students that participated 
in this user study were graduate level mechanical engineering students their ability to 
generate ideas was not measured prior to the study. It was assumed that the ability of 
the participants to generate ideas was similar. 
 Quality ratings: The ratings of the concepts in terms of the quality metric are 
qualitative in nature and hence introduce the potential for variance in measure 




The participants were introduced to the design problem by means of the work 
packet provided to them. The contents of the work packet included the experimental 
protocol, expectations, duration of the user study, sheets to sketch concepts on and a 
small questionnaire to elicit feedback on the experiment and general ideation methods. 
The sketch sheets provided to the participants had space for a sketch on the top of the 
page and also for comments and a short description of the idea or the concept at the 
bottom of the sheet. The participants in two of the user groups were provided with color 
coded sheets to explicitly differentiate between the ideation periods in the session. 
4.2.2  Assumptions – User study 2 
 Participants’ ability to generate concepts and their design experience was 
assumed to be uniform. 
 Incubation – the time interval between idea generation sessions in the user 
study were not monitored and participants were allowed to engage in an 
activity other than ideation 
 Participants’ ability to generate ideas was not measured prior to the study 
 The ratings of the concepts are qualitative in nature 
 The term inter rater reliability is used here to refer to the degree to which 
raters are "interchangeable," which is to say the extent to which the raters 
"agree" on a  set of ratings 
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4.2.3 Problem description 
The participants were introduced to the design problem by means of the work 
packet provided to them. The contents of the work packet included the experimental 
protocol, expectations, duration of the user study, sheets to sketch concepts on and a 
small questionnaire to elicit feedback on the experiment and general ideation methods. 
The sketch sheets provided to the participants had space for a sketch on the top of the 
page and also for comments and a short description of the idea or the concept at the 
bottom of the sheet. The participants in two of the user groups were provided with color 
coded sheets to explicitly differentiate between the ideation periods in the session. The 
problem statement chosen for this study was to design a portable human-powered device 
that will extract fence posts in remote areas (see Figure 4.7). The reason for choosing this 
particular problem was that it involved elements and applications that directly involved 
mechanical engineering. The problem statement was developed such that it included 
functional and non-functional requirements and a complete solution would result in the 




Figure 4.7: Design problem and requirements for the user study 
 
 44 
4.2.4 User group description 
 
Figure 4.8: User group description for User Study 2 
 
 
The objective of this user study was to determine if the quality of concepts increases 
when design iteration is explicitly performed. User studies are employed in design 
research to compare different approaches; verify and measure the effect of a new tool 
with the current one and to explore new grounds based on results obtained. 
The user study was conducted for this research in three individual groups to 
observe, record and analyze the design performance of the designers under different 
proposed scenarios. Each session was conducted with 3 Mechanical Engineering students 
currently pursuing their Master’s degrees at Clemson University. Figure 4.8 is a 




4.3 Inter rater agreement 
The inter rater agreement or reliability is measured to establish credibility of the 
results obtained from the evaluators. Inter rater reliability indicates the degree of 
agreement between the evaluators evaluating the concepts. 
A chance corrected measure for inter rater agreement for two raters was 
introduced by Scott [33] and extended by Cohen [34] which came to known as Cohen’s 
Kappa. While measuring the agreement between the two raters Cohen’s Kappa is based 
on the notion that the observed cases of agreement between the two raters includes some 
cases where the agreement is based on chance alone. Cohen’s Kappa is based on the 
assumption that the two raters rate n subjects into one of m mutually exclusive and 
exhaustive nominal categories [35]. 
The Cohen’s Kappa method calculates the degree of agreement between two 
raters involved in grading a concept and the resultant kappa value signifies whether the 
agreement between the evaluators is purely by chance or has a rational support. Cohens’ 
Kappa is found by using the following formula: 
   
  ( )     ( )




Pr(a) is the relative observed agreement among raters 





The framework for the user studies developed to study the effects of iteration on 
concept development was presented in Chapter 4. The experimental protocol and the 
research approach that is used to answer the research questions are presented in this 
chapter. The following chapters present the analysis of results from the user studies 
presented in this chapter. 
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CHAPTER FIVE: USER STUDY 1 RESULTS 
User studies are used in design research to draw comparison between different 
design methods, approaches and tools. User studies are also useful in verifying and 
measuring the effect of a new with a tool currently being used and to explore uncharted 
ground with the help of results obtained[30]. User study 1 is a tool to primarily 
understand and answer the first two research questions identified in Chapter 2. The 
results obtained from this study are evaluated in terms of quality and quantity of ideas 
generated. The concepts generated by the participants were objectively evaluated in terms 
of the metrics from a design and requirements perspective. The evaluators were 
instructed not to evaluate the ideas generated based on the artistic or the sketching ability 
of the participants. While an objective evaluation cannot be ensured, the multiple raters 
used to evaluate the concepts, the refinements to the scale and the iterations to arrive at a 
high inter rater agreement suggest that the content of the sketches were evaluated over 
sketching ability of the participants. 
5.1 Quantity of concepts 
The number of concepts generated by the groups with design iteration is 
compared with the control group – continuous ideation group. In line with our proposed 
model we are interested to know if design iteration results in the confining the design 
space resulting in lesser quantity of ideas but with higher quality. The proposed research 
hypothesis states that “The number of concepts/ideas generated decreases with an 
increase in the number of design iterations performed”.  
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Null hypothesis:     ,       ,       
Research Hypothesis:      ,       ,       
where  
N = The number of concepts generated by the participants in the user group 
A,B,C  = User groups in the user study 
To evaluate if there is a significant change in the quantity of concepts generated 
when design iteration is performed, the number of concepts generated by each user group 
is measured. The concepts per designer are computed for the three user groups and the 
control group is compared with the groups with design iteration to determine if there is a 
significant change in the number of concepts generated. The results from Table 5.1, Table 
5.2 and Table 5.3 suggest that as the participant’s progress along the idea generation 
session and as they perform design iteration there is a decrease in the number of concepts 
generated. This significant difference is indicates that the number of concepts generated 
decreases with an increase in the number of design iteration performed. 
 
Table 5.1: Sample t test to compare quantity of concepts from User group A and B 
 Group A Group B 
Concepts/designer 5.5 2.5 
P(T<=t) one-tail 0.02  
 
 
Table 5.2: Sample t test to compare quantity of concepts from User group A and C 
 Group A Group C 
Concepts/designer 5.5 1.75 
P(T<=t) one-tail 0.01  
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Table 5.3: Sample t test to compare quantity of concepts from User group B and C 
 Group B Group C 
Concepts/designer 2.5 1.75 
P(T<=t) one-tail 0.23  
 
Table 5.4, Table 5.5 and Table 5.6 present the quantity of concepts generated by 
the participants per minute for each of the user groups. The results from the analysis 
indicate that there is a decrease in the concepts generated per minute from the control 
group to the user groups with iteration. We can say further that with an increase in the 
number of iterations there is a decrease in the number of concepts generated by the 
participants per minute. 
Table 5.4: Sample t test to compare concepts generated per participant per minute 
from User group A and B 
 Group A Group B 
Concepts/P/min 0.09 0.06 
P(T<=t) one-tail 0.09  
 
 
Table 5.5: Sample t test to compare concepts generated per participant per minute 
from User group A and C 
 Group A Group C 
Concepts/P/min 0.09 0.04 





Table 5.6: Sample t test to compare concepts generated per participant per minute 
from User group B and C 
 Group B Group C 
Concepts/P/min 0.06 0.04 
P(T<=t) one-tail 0.22  
 
5.2 Quality of concepts 
The results obtained from the user study were evaluated in terms of quality of 
ideas generated by the participants. The evaluators were asked to judge the concept from 
a design perspective, and not the artistic and sketching skills possessed by the 
participants. The level of significance used to test the hypothesis throughout this 
experiment is considered to be 0.10 as this research work is considered exploratory [36]. 
5.2.1 Evaluation criteria – requirements 
The requirements of the design problem in this user study are classified into 
functional and non-functional requirements. Functional requirements are defined as 
design requirements that a system should follow, “what a system must do” in order to 
fulfill the purpose of the design. Non-functional requirements are those requirements that 
are external to the system and indirectly influence the function of the system. These 
attributes could be size, shape, texture and safety features. Further the requirements that 
constrain the behavior of a product with respect to the external environment are 
considered to be non-functional requirements. 
With respect to this study, nine requirements were developed that includes two 
functional requirements and seven non-functional requirements. Table 5.7 shows the 
functional and non-functional requirements that are used in this study. Based on the 
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degree to which they satisfy requirements a score of 0, 1 or 9 is assigned to the concepts 
by the two raters individually. The specific criteria used to grade the concepts and the 
rubric used is shown in Table 5.7.  
Table 5.7: List of requirements for the design problem 
Requirement 
Horizontal motion of seat 
Vertical motion of seat 
Recliner center must not displace more 
than 20mm 
No elastic deformation 
Minimum noise during operation 

















Table 5.8: Scale developed for measuring quality 
Requirement 
Classification 

































Avoid Noise under 
normal operating 
conditions 
Very high rattling of 
components 
Moderate rattling of 
components 
Negligible rattling 






leading to failure 
High deformation No deformation 
Recliner Center 
should not deform 






Ease to operate Complex and 
difficult to operate 
(mostly manual )/ 
Not specified 
Fairy easy to 
operate (manual + 
electronic interface) 
Simple and easy to 





Locking No mechanism 
mentioned to 
facilitate locking ,   
Locking Mechanism 
present to lock & 
secure at positions.  
Detailed & specific 
mechanism to lock 






5.2.2  Inter rater agreement 
The inter rater agreement or reliability is measured to establish credibility of the 
results obtained from the evaluators. Inter rater reliability indicates the degree of 
agreement between the evaluators evaluating the concepts – in this case, two. Both the 
evaluators involved in the rating of the concepts had previous experience with respect to 
concept evaluation and conducting user studies. There were two evaluators that were 
involved in this particular user study and hence the Cohen’s Kappa [37]method was used 
to calculate inter rater reliability in this study.  
The Cohen’s Kappa value obtained ranges from -1 to 1 and higher values suggest 
a high level of inter rater reliability and low and negative values indicate poor agreement 
among the raters. The significance of the Kappa values is explained in Table 5.9. 
Table 5.9: Interpretation of Kappa values 
Cohen’s Kappa Interpretation 
< 0 Poor agreement 
0.0 – 0.20 Slight agreement 
0.21 – 0.40 Fair agreement 
0.41 – 0.60 Moderate agreement 
0.61 – 0.80 Substantial agreement 
0.81 – 1.00 Perfect agreement 
 
The concepts generated by the participants were rated by two raters individually 
based on the rubric developed. In order to obtain the average quality scores for the 
concepts generated, the median value of the ratings for the two raters was calculated. The 
average quality scores are calculated by calculating the median of the scores for each 
requirement by the two raters. For example, if one rater’s score for a particular 
requirement is 1 and the second rater’s score is 9 for the same requirement then the 
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median score for that particular requirement is 5. The calculation of quality scores using 
this method is shown in Table 5.10. 
Table 5.10: Quality scores for the each concept using the median method 
Requirement Rater 1 Rater 2 Median 
FR 
Horizontal Motion 9 9 9 
Vertical Motion 9 9 9 
NFR 
Recliner Displacement 0 0 0 
Noise check 1 1 1 
Deformation Check  0 0 0 
Manual Horizontal  0 0 0 
Manual Vertical  0 0 0 
Electronic Horizontal 9 9 9 
Electronic Vertical  9 9 9 
Lock 0 9 4.5 
 
The values in Table 5.11 represents the Cohen’s Kappa values for inter rater 
agreement evaluated for each of the ten requirements of the design problem. For the 
initial evaluation of concepts between the two raters, the Cohen’s Kappa value was found 
to be 0.459 at the concept level. This indicates a moderate agreement between the two 
raters. In order to obtain a substantial agreement between the raters, they have to be 
trained on the rubric. This is an iterative process and is carried out till substantial 
agreement is reached between the raters. The requirements indicating high disagreement 
between the raters were identified and discussed. The rubric used to grade the concepts 
was modified as a direct result of the discussions. The concepts were then regarded based 
on the updated rubric shown in Table 5.8. The results of the various iterations are shown 
in Table 5.11. The left column of the table lists the iteration number and the rightmost 
column in the table shows the overall Cohen’s Kappa value for that particular iteration. 
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The first iteration was conducted with a sample of two concepts and subsequently with all 
the thirty four concepts. As seen from the table after three iterations there was a moderate 
agreement between the two raters. The final Kappa value was calculated to be 0.841. 
 Based on the Cohen’s Kappa interpretation table these values indicate a fair 
agreement overall for most of the requirements for the refined scale. The initial scale that 
was used to evaluate the concepts was a ‘0-1-3-9’ scale and this scale resulted in low 
level of agreement among the two raters. This low Cohen’s’ Kappa value can be 
attributed to discrepancies among the raters with respect to rating the concepts on the 0-1-
3-9 scale. The highest discrepancies were observed in ranking a concept the value of ‘3’ 
which translates to a ‘medium’ on the scale. Further analysis indicated that there was a 
greater agreement between the raters when they assigned values of ‘0’, ‘1’, ‘9’ to the 
concepts compared to a value of ‘3’. In order to reduce the discrepancies arising from 
assigning a value ‘medium’ to a requirement of a concept the rating scale for the 
evaluating the concepts was changed to a 0-1-9. The concepts were reevaluated with this 
new scale but the rubric established for evaluating the concepts remained the same minus 
the ‘medium’ rating for the concepts. 
 
Table 5.11: Inter rater agreement between the two raters for the initial scale 
Training No. of concepts Cohen’s Kappa 
1 2 0.759 
2 15 0.422 
3 39 0.628 
Final 39 0.841 
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5.2.3 Quality at the concept level 
Quality at the concept level is the average quality score for a concept across all 
the requirements for the design problem. The Wilcoxon Whitney-Mann test was used to 
evaluate the effect of iteration on the average quality scores across groups A, B and C. 
The null hypothesis was that there was no difference in the average quality scores across 
the different user groups.  
To answer the first research question – “How does iteration in the conceptual 
design stages enhance design performance?” we test the first and the second hypotheses 
listed in Chapter 3. The first hypothesis states that “The average quality of concepts 
generated with design iteration is different from the average quality of concepts 
generated without design iteration”. 
. The second research hypothesis states that “At the concept level, the average 
quality of concepts generated with two design iterations is different from the average 
quality of concepts generated with one design iteration.”  
Null hypothesis:     ,       ,       
RH1.1, RH1.2:      ,       ,       
where  
Q = The average quality of concepts from a user group 




Table 5.12: Average quality of concepts across the user groups 




A 3.08 1.654 
B 3.33 1.205 
C 3.20 1.355 
On testing the hypothesis it is found that the average quality of concepts when 
design iteration was performed was higher when compared to a continuous ideation 
session.  The Wilcoxon Whitney-Mann test was conducted to compare the average 
quality of concepts across user groups A, B and C. As shown in. The resulting p-value is 
compared with α value. Though the average quality of concepts is higher for user group 
B than A, it is not significant as the p-value is greater than the alpha value. Thus, RH1 
does not hold true and at the concept level we cannot conclude that the average quality of 
concepts is higher when design iteration is performed at a significance level of 0.1. 
Similarly, the average quality of concepts is compared for user groups A and C. As 
shown in Table 5.14 the average quality does increase when design iteration is performed 
but is not significant as the p-value is greater than the alpha value. Thus, RH2 does not 
hold true at the concept level and we cannot conclude that the average quality of concepts 
when two design iterations is higher than when a single iteration is performed. This lack 
of a significant difference in quality can be attributed to oversampling as we have twenty 
two concepts generated by the control group (User group A) but only ten concepts and 
seven concepts from User groups B and C respectively.  
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Table 5.13: Wilcoxon Whitney-Mann test to compare means of the user groups A 
and B at the concept level 
 Group A Group B 
Mean 3.08 3.33 
Variance 2.73 1.45 
P(T<=t) one-tail 0.33  
 
Table 5.14: Wilcoxon Whitney-Mann test to compare means of the user groups A 
and C at the concept level 
 Group A Group C 
Mean 3.08 3.20 
Variance 2.73 1.83 
P(T<=t) one-tail 0.43  
 
Table 5.15: Wilcoxon Whitney-Mann test to compare means of the user groups B 
and C at the concept level 
 Group B Group C 
Mean 3.33 3.20 
Variance 1.45 1.83 
P(T<=t) one-tail 0.42  
 
An alternate approach to analyze the data is to maintain uniform samples sizes 
across user groups. For this purpose the last four concepts from each participant is 
selected. An average of the last four concepts is taken and compared across all the user 
groups. The results are shown in Table 5.16, Table 5.17 and Table 5.18 . The results 
indicate a significant increase in the average quality of concepts from User group A to B 
and C. This confirms our hypothesis that an increase in iterations translates to an increase 
in average quality of concepts. 
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Table 5.16:  Wilcoxon Whitney-Mann test to compare means of the user groups A 
and B at the concept level 
 Group A Group B 
Mean 2.02 2.9 
Variance 0.48 0.68 
P(T<=t) one-tail 0.09  
 
Table 5.17: Wilcoxon Whitney-Mann test to compare means of the user groups A 
and C at the concept level 
 Group A Group C 
Mean 2.02 4.15 
Variance 0.48 2.62 
P(T<=t) one-tail 0.08  
 
Table 5.18: Wilcoxon Whitney-Mann test to compare means of the user groups B 
and C at the concept level 
 Group B Group C 
Mean 2.9 4.15 
Variance 0.68 2.62 
P(T<=t) one-tail 0.56  
 
To show the effect of example exposure and iteration the average of the first and 
the last concept from each participant is compared across user groups. It is interesting to 
note that the results shown in indicate that there is a significant increase in the average 
quality of concepts from the start to the end of the idea generation session. This is in line 
with our proposed model of creativity and confirms that the significant increase in 
concept quality is the effect of iteration and example exposure via the gallery method of 
idea generation. 
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Table 5.19: Wilcoxon Whitney-Mann test to compare means of first and last 
concepts for Group A 
Group A First Last 
Mean 2.67 3.73 
Variance 0.57 3.6 
P(T<=t) one-tail 0.12  
 
Table 5.20: Wilcoxon Whitney-Mann test to compare means of first and last 
concepts for Group B 
Group B First Last 
Mean 1.82 3.9 
Variance 0.69 2.44 
P(T<=t) one-tail 0.04  
 
Table 5.21: Wilcoxon Whitney-Mann test to compare means of first and last 
concepts for Group C 
Group C First Last 
Mean 2.05 4.15 
Variance 0.01 2.62 
P(T<=t) one-tail 0.04  
 
 Figure 5.1, Figure 5.2 and Figure 5.3 is a plot of the quality scores for all the 
concepts generated by participants in user groups A, B and C respectively. As seen from 
the figures, the concepts in user group A have no definitive trend in terms of quality 
scores over time. On the other hand the concepts generated by the participants in user 
groups B and C with one and two design iterations respectively display a general increase 
in quality with time as seen in Figure 5.2 and Figure 5.3. Although this does not confirm 
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our hypothesis that design iteration promotes quality of concepts it does offer some 
evidence to support the hypothesis. 
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Figure 5.2: Quality scores for user group B 
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5.3 Summary 
An overall Cohen’s Kappa value of 0.84 was achieved through several iterations 
thereby establishing a substantial agreement between the two raters that rated the 
concepts from the user study. With the substantial agreement we can say with confidence 
that the quality ratings obtained from evaluation of the concepts are reliable. 
Analysis of the average quality of concepts revealed that design iteration resulted 
in an increase in the average quality of concepts generated when the control group was 
compared to the groups with design iteration (QB>QA, QC>QA). However the increase in 
the average quality was not significant at a significance level of 0.1. Therefore, we cannot 
say with certainty that the average quality of concepts generated with design iteration is 
different from the average quality of concepts generated without design iteration. 
However when the average quality at the end of the idea generation session was 
compared with a sample size of the last four concepts from each participant, there was 
significant increase in average quality when iteration was performed. There was also a 
significant increase in the average quality of concepts when the first and the last concepts 
were compared across the user groups. This indicates a positive correlation between 
example exposure, iteration and the quality of concepts.RH1.1 is not supported to be 
true. 
The number of concepts generated by the participants decreased when the control 
group with continuous design ideation was compared with the user groups with that 
performed design iteration.  The number of concepts generated per designer was 
compared across the three user groups. The control group generated significantly higher 
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number of concepts per designer (5.5±2.09) than user groups with design iteration – B 
(2.5±1.29) and C (1.75±1.5). Therefore we can say that the number of concepts/ideas 
generated decreases with an increase in the number of design iterations performed 
(NA>NB>NC). RH2.1 is supported to be true. 
Since in User study 1 the timestamps for the concepts generated by the 
participants were not recorded it is not possible to test RH3.1 and RH4.1. These 






CHAPTER SIX: USER STUDY 2 RESULTS AND ANALYSIS 
The user study presented in this chapter was developed to further test the research 
hypotheses presented in Chapter 3. User study 1 presented in Chapter 5 was used as a 
precursor to develop the experimental protocol for the user study presented in this 
chapter.  The user study is a tool that is used to answer the research questions posed in 
Chapter 3. The results obtained from the user study are used to validate a model to study 
the effect of iteration in the conceptual design stage that was developed and to compare 
results obtained across the user groups in the study. The sketches resulting from the study 
were quantitatively analyzed. With regards to the user study it should be noted that the 
artistic and sketching ability of participants vary and to address this concern the 
evaluators involved in the user study were instructed to objectively evaluate quality of the 
concepts generated from a design and requirements perspective and not by the artistic and 
sketch skills possessed by the participants. This was ensured by using multiple raters to 
evaluate the concepts generated, the initial and the refined scale used to rate the concepts 
and obtaining a high inter rater agreement amongst the raters. 
The level of significance used to test the hypothesis throughout this experiment is 
considered to be 0.10 as this research work is considered exploratory. The level of 
significance is used extensively in experimental works to reject or accept the null 
hypothesis based on the probability value. In other words, the level of significance is the 
probability of obtaining a value of the test statistic that is likely to reject the null 
hypothesis as the observed value of the test statistic [38]. In other words, when 
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performing a hypothesis test if the p-value is small compared to the   value chosen then 
we reject the null hypothesis and accept the alternate/research hypothesis. With respect to 
this research, in order to justify the use of design iteration as a component that improves 
quality of concepts, the p-value is compared to   value across the user groups to formally 
make conclusions. 
6.1 Quantity of concepts 
The quantity of concepts here refers to the total number of concepts generated by 
the participants in each segment of the idea generation session. In line with our proposed 
model we are interested to know if design iteration results in the confining the design 
space resulting in lesser quantity of ideas but with higher quality. The proposed research 
hypothesis states that “The number of concepts/ideas generated decreases with an 
increase in the number of design iterations performed”  
Null hypothesis:      (   ) 
 RH2.1:       (   ) 
where  
Nkj = The number of concepts generated by the participants in the user group k 
k  = User groups in the user study 
j= ideation segment in the ideation session 
 To evaluate if there is a significant change in the quantity of concepts generated 
when design iteration is performed, the number of concepts generated by each participant 
is measured. The average number of concepts generated for each individual segment of 
 67 
the ideation session is compared with the subsequent segment to determine if the change 
in the quantity of ideas generated is significant. 
The results from Table 6.1 and Table 6.2 suggest that as the participant’s progress 
along the idea generation session and as they perform design iteration the design space 
gets constrained. The participants follow a stream of ideas and develop those ideas 
resulting in lesser variety and higher quality solutions. This trend observed from the 
results is in agreement with our proposed model. 
Table 6.1: Number of concepts developed by user group 2 
 IG21 IG22 
Concepts/participant 2.33 1.33 
Standard deviation 0.57 0.57 
P(T<=t) one-tail 0.05  
 
Table 6.2: Number of concepts developed by user group 3 (IG31 vs IG33) 
 IG31 IG33 
Concepts/participant 2 1 
Standard deviation 1.73 0 
P(T<=t) one-tail 0.09  
 
Table 6.3: Number of concepts developed by user group 3 (IG31 vs IG32) 
 IG31 IG32 
Concepts/participant 2 1 
Standard deviation 1.73 0 





Table 6.4: Number of concepts developed by user group 3 (IG32 vs IG33) 
 IG32 IG33 
Concepts/participant 1 1 
Standard deviation 0 0 
P(T<=t) one-tail N/A  
 
Table 6.5, Table 6.6 and Table 6.7 present the quantity of concepts generated by 
the participants per minute for each of the user groups. The results from the analysis 
indicate that there is an increase in the concepts generated per minute from the control 
group to the user groups with iteration.  This is contrast to the results obtained in user 
study 1. The results from user study 1 indicate a decrease in the quantity of concepts with 
increase in the number of iterations and example exposure. The increase in the concepts 
generated per minute can be attributed to relative complexity of the design problem in 
user study 1. This in turn provides the participants more time to understand the problem. 
However this relationship between problem complexity and the quantity of concepts is 
exploratory and has not been studied as part of this research. 
Table 6.5: Two sample t test to compare concepts generated per minute for User 
group 1 and 2 
 Group 1 Group 2 
Concepts/P/min 0.06 0.09 
Variance 0.0003 0.0008 
P(T<=t) one-tail 0.01  
 
Table 6.6: Two sample t test to compare concepts generated per minute for User 
group 1 and 3 
 Group 1 Group 3 
Concepts/P/min 0.06 0.1 
Variance 0.0003 0.001 
P(T<=t) one-tail 0.09  
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Table 6.7: Two sample t test to compare concepts generated per minute for User 
group 2 and 3 
 Group 2 Group 3 
Concepts/P/min 0.09 0.1 
Variance 0.0008 0.001 
P(T<=t) one-tail 0.4  
 
6.2 Quality of concepts 
Quality is a measure of feasibility of an idea and how well it meets the design 
requirements of the problem [20]. Pahl and Beitz state that quality cannot be achieved 
just through testing – it has to be incorporated from the beginning of the design process 
[19].  
6.2.1 Evaluation criteria – initial scale developed to measure quality 
The requirements of the design problem in this user study are classified into 
functional and non-functional requirements. Functional requirements are defined as 
design requirements that a system should follow, “what a system must do” in order to 
fulfill the purpose of the design. Non-functional requirements are those requirements that 
are external to the system and indirectly influence the function of the system. These 
attributes could be size, shape, texture and safety features. Further the requirements that 
constrain the behavior of a product with respect to the external environment are 
considered to be non-functional requirements. 
In order to measure the sketches from a quality perspective, a three-point scale 
was developed. The sketches were classified into three categories based on the degree to 
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which they satisfied the design requirements – low, medium or high. A score of 1, 3 and 
9 was assigned by two raters to each requirement based on the degree to which it satisfies 
each requirement.  
Table 6.8: Scale developed for measuring quality 
Requirement 
Classification 
LOW (1) MEDIUM (3) HIGH (9) 
Extractor 
Dimensions /Grip 
on the fence  post 
Dimensions are not 
satisfied, mechanism 
does not provide for a 
stable hold on the 
fence post 
Mechanism provides 
for a hold on the fence 
post that is sufficient 
to hold it without 
letting it slip 
Provides for a strong 
hold on the fence post 
with minimum slip 
Vertical force 
Inefficient mechanism 
- Not able to generate 
the required force to 
extract fence posts/ 




mechanism - can 
generate the required 
force to extract the 
post 
Portability and ease 
Offers no portability 
and impractical in 
remote areas 
Not very portable, 
bulky; Not very 
difficult to carry  
 
Light, portable and 
easy to carry 
 
Usability of fence 
post after extraction 
Fence post is severely 
damaged - Cannot be 
reused after extraction 
Fence post is damaged 
to an extent - Can still 
be reused but 
structural integrity not 
as good as before 
Fence post sustained 
minimal damage 
during extraction - 
Structural integrity 
unchanged 
Ease of operation 
(Human Effort) 
Difficult to operate -
requires substantial 
manual effort from the 
user 
Relatively easier to 
operate - does not 
require a tremendous 
effort to operate 
Easy and minimal 
effort required to 
operate 
Safety 
Unsafe device - 
Serious risk of injury 
to the user 
Relatively safer device 
- but still has many 
moving parts that have 
the ability to cause 
injury 
Safe device - Minimal 




With respect to this study, six requirements were specifically identified that 
includes two functional and four non-functional requirements. The scale, shown in Table 
6.8, was used to measure the quality of concepts developed by the participants of the user 
study. 
6.2.2 Quality of concepts (Initial evaluation) 
Quality at the concept level is the average quality score for a concept across all 
the requirements for the design problem. A two sample Wilcoxon Whitney-Mann test 
was used to evaluate the effect of iteration on the average quality scores across groups 1, 
2 and 3. The null hypothesis was that there was no difference in the average quality 
scores across the different groups. 
Table 6.9: Average quality of ideas across four user groups (initial evaluation) 




1 4.6 0.669 
2 5.55 1.662 
3 5.63 1.126 
Table 6.9 gives the average quality of concepts across the three user groups from 
the user study. As seen from the table we can see that the average quality of concepts 
increases with the number of iterations which is in agreement with our proposed 
hypotheses and model. At a significance level of 0.1 it could not be said that the average 
quality of concepts of user group 2 were greater than user group 1 (see Table 6.10). 
Consequently, the concepts for user group 2 and 3 were regarded. Further analysis of the 
average quality of ideas at the concept level indicated that at a significance level of 0.1, 
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the average quality of concepts of user group 3 were significantly better than group 1 (see 
Table 6.11, Table 6.10 and Table 6.11) 
Table 6.10: Two sample t-test to compare means of the user groups 1 and 2 at the 
concept level (initial evaluation) 
 Group 1 Group 2 
Mean 4.6 5.55 
Variance 0.448 2.763 
P(T<=t) one-tail 0.192  
Table 6.11: Two sample t-test to compare means of the user groups 1 and 3 at the 
concept level (initial evaluation) 
 Group 1 Group 3 
Mean 4.6 5.63 
Variance 0.448 1.267 
P(T<=t) one-tail 0.093  
 
Figure 6.1 displays the average quality of concepts across the user groups at the 
concept level. As seen from the plot the average quality of concepts increases with an 
increase in the number of iterations across the user groups. 
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Figure 6.1: Plot of average quality of concepts at the concept level across the user 
groups (initial evaluation) 
 
The concepts from user groups 1, 2 and 3 were regarded using the rubric and an 
intra-rater reliability of 0.668 was achieved. 
6.2.3 Inter rater agreement 
For the initial evaluation of concepts between the two raters, the Cohen’s Kappa 
value was found to be 0.578 at the concept level. This indicates a moderate agreement 
between the two raters. In order to obtain a substantial agreement between the raters, they 
have to be trained on the rubric. This is an iterative process and is carried out till 
substantial agreement is reached between the raters. The requirements indicating high 
disagreement between the raters were identified and discussed. The rubric used to grade 





































regarded based on the updated rubric shown in Table 6.13. The results of the various 
iterations are shown in Table 6.12 . The left column of the table lists the iteration number 
and the rightmost column in the table shows the overall Cohen’s Kappa value for that 
particular iteration. The first iteration was conducted with a sample of two concepts and 
subsequently with all the thirty four concepts. As seen from the table after three iterations 
there was a moderate agreement between the two raters. The final Kappa value was 
calculated to be 0.8165. 
Table 6.12: : Iterations for inter rater agreement 
Training No. of concepts Cohen’s Kappa 
1 2 0.668 
2 11 0.541 
3 34 0.447 
4 34 0.593 
Final 34 0.816 
 
With a substantial agreement between the two raters, the quality of concepts for 
all three user groups was reevaluated. The mean quality score of the two raters was 
considered as the final quality score. The reason for performing iterations to obtain a 








Table 6.13: Updated scale used for measuring quality 
Requirement 
Classification 
LOW (1) MEDIUM (3) HIGH (9) 
Extractor 
Dimensions /Grip 
on the fence  post 
Dimensions are not 
satisfied, mechanism 
does not provide for a 
stable hold on the 
fence post 
Satisfies only a few 





for a hold on the fence 
post that is sufficient 
to hold it without 





Provides for a strong 
hold on the fence post 
with minimum slip 
Vertical force 
Inefficient 
mechanism; Not able 
to generate the 
required force to 
extract fence posts/ 
Fails during operation 
Fairly possible 






generate the required 
force to extract the 
post 
Portability and ease 
Very bulky, offers no 
portability and 
impractical in remote 
areas 
Not very portable, 
bulky; Not very 
difficult to carry 
(Trunk of a car) 
 
Light, portable and 
easy to carry 
(Suitcase) 
 
Usability of fence 
post after extraction 
Fence post is severely 
damaged - Cannot be 
reused after extraction 
Fence post is damaged 
to an extent - Can still 
be reused but 
structural integrity not 
as good as before 
Fence post sustained 
minimal damage 
during extraction - 
Structural integrity 
unchanged 
Ease of operation 
(Human Effort) 
Difficult to operate -
requires substantial 
manual effort from the 
user 
Relatively easier to 
operate - does not 
require a tremendous 
effort to operate 
Easy and minimal 
effort required to 
operate 
Safety 
Unsafe device - 
Serious risk of injury 
to the user 
Relatively safer device 
- but still has many 
moving parts that have 
the ability to cause 
injury 
Safe device - Minimal 





6.2.4 Analysis at the concept level  
 Quality at the concept level can be defined as the average quality of a concept 
evaluated across all six requirements. The quality score at the concept level is calculated 
by the taking the average of the median quality scores for each requirement of the 
concept. The method by which the quality score is obtained is shown in Table 6.14 . 
Table 6.14: Method for evaluating quality at the concept level 
Requirement Concept 
C1 C2 Cn 
1 Median1.1 Median2.1 Mediann.1 
2 Median1.2 Median2.2 Mediann.2 
3 Median1.3 Median2.3 Mediann.3 
4 Median1.4 Median2.4 Mediann.4 
5 Median1.5 Median2.5 Mediann.5 
6 Median1.6 Median2.6 Mediann.6 
QCL QCL1 QCL2 QCLn 
 
To compare the populations the Wilcoxon Mann-Whitney Test is used. The 
Wilcoxon Mann- Whitney test[39][40] is a non-parametric test  used to test the null 
hypothesis that the average quality of concepts across the three user groups with and 
without design iteration are the same. The research hypothesis states that for groups with 
design iteration the average quality of concepts is greater than the user group with 
continuous ideation. The Wilcoxon Mann-Whitney test is used here as the scale used to 
rate the concepts is ordinal and data may not be normally distributed. The Wilcoxon 
Mann-Whitney test, unlike the t-test does not require the assumption that the differences 
between the samples compared are normally distributed. Table 6.15 gives the average 
quality of concepts across the three user groups from the user study after they were 
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regarded using the updated rubric. As seen from the table we can see that the average 
quality of concepts increases with the number of iterations which is in agreement with 
our proposed hypotheses and model. Further analysis of the average quality of ideas at 
the concept level indicated that at a significance level of 0.1, the average quality of 
concepts of user group 2 and 3 were significantly better than group 1 (see Table 6.16 and 
Table 6.17). Table 6.18 shows that the average quality of concepts is not significantly 
different between user groups 2 and 3. This indicates that there is a significant change in 
the quality of concepts between the user group with no iteration and the user groups that 
performed iteration, but no significant difference in quality scores when the both the user 
groups that performed iteration are compared. 
Null hypothesis:    (   ) 
 RH1.1:     (   ) 
where  
Qk = The number of concepts generated by the participants in the user group k 
k  = User groups in the user study 
 
Table 6.15: Average quality of ideas across the three user groups 




1 4.6 1.562 
2 5.71 1.354 





Table 6.16: Wilcoxon Whitney-Mann test to compare means of the user groups 1 
and 2 at the concept level 
 Group 1 Group 2 
Mean 4.6 5.71 
Variance 2.44 1.83 
P(T<=t) one-tail 0.04  
 
 
Table 6.17: Wilcoxon Whitney-Mann test to compare means of the user groups 1 
and 3 at the concept level 
 Group 1 Group 3 
Mean 4.6 5.90 
Variance 2.44 1.17 
P(T<=t) one-tail 0.01  
 
Table 6.18: Wilcoxon Whitney-Mann test to compare means of the user groups 2 
and 3 at the concept level 
 Group 2 Group 3 
Mean 5.71 5.90 
Variance 1.83 1.17 
P(T<=t) one-tail 0.35  
 
Figure 6.2 is a plot of the average quality of concepts at the concept level across 
the three user groups. As seen from the figure, there is a significant increase in the 
average quality from user group 1 to 2 but not from user group 2 to 3. This is confirmed 
by the resulting p-values obtained in Table 6.16, Table 6.17 and Table 6.18. The p-value 
obtained when comparing user groups 1 and 2 is lesser than the alpha value of 0.1 – 
therefore we accept the alternate hypothesis RH1.1 – The average quality of concepts 
generated with design iteration is greater than the average quality of concepts generated 
without design iteration 
Consequently, we cannot accept RH1.2 as the p-value for the average quality of 
concepts when user groups 2 and 3 are compared is higher than the alpha value of 0.1.  
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Figure 6.2: Plot of average quality of concepts at the concept level across the user 
groups 
 
6.2.5 Quality at the concept level within the user groups  
With respect to this research we are primarily concerned with the effect design iteration 
has on the quality of concepts at the concept level. This section provides an analysis of 
the concepts from a quality perspective for the user groups that performed design 
iteration – user groups 2 and 3. From Chapter 3, RH1.2 states that - The average quality 
of concepts generated with two design iterations is greater than the average quality of 
concepts generated with one design iteration. In the previous section we compared the 
average quality of concepts across user groups 2 and 3. In the current section, the average 
quality of concepts is compared within the ideation sessions in the user groups. For 





































session is compared with the average quality of concepts from the first iteration. We are 
interested to study if the iteration has a positive effect on quality within the user group. 
We test RH3.2 – “Within the user groups the average quality of concepts generated with 
‘n’ iterations is different from the quality generated with ‘n-1’ iterations at the 
participant level”. 
Null hypothesis:      (   ) 
 RH3.2:       (   ) 
where  
Qkj = The average quality of concepts in user group k 
k = User groups in the user study 
j= ideation segment in the ideation session 
Table 6.19 gives the average quality of ideas for the initial idea generation session 
in user group 2 with a single iteration.  As we can see from the results the average quality 
of concepts increases within the ideation session itself. In the initial 20 minutes when the 
user is first presented with a design problem we can see the average quality is 4.62. 
Design iteration is then performed and after the incubation we can see the quality of 
concepts increases with a single iteration. As seen from Table 6.20 , within user group 2 
the average quality of concepts for the first twenty minutes of ideation and for the 1
st
 
iteration are significantly different (as p = 0.02 <0.1). Consequently we can say that 
within the ideation session involving iteration, we can say that the design iteration leads 
to significantly better quality design concepts. To further confirm RH2 we compare the 
average quality of concepts for each ideation session in user group 3. 
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Table 6.19: Average quality of ideas for the individual ideation session in group 2 
User Group 2 (1 iteration) Average quality of concepts Standard 
deviation 
IG21 (20 minutes) 4.62 0.8 
IG22 (20 minutes) 6.5 0.43 
 
Table 6.20: Wilcoxon Whitney-Mann test to compare average quality of concepts 
within user group 2 




Mean 4.62 6.5 
Variance 0.645 0.185 
P(T<=t) one-tail 0.001  
The plot in Figure 6.3 shows an increase in the quality of concepts within user 
group 2. This shows that when design iteration is performed explicitly it leads to an 
increase in the quality of concepts. To illustrate and support the hypothesis that design 
iteration promotes an increase in the quality of concepts, an analysis of User group 3 with 
two explicit iterations is performed.  
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Figure 6.3: Average quality of concepts for each ideation session in user group 2 
Table 6.21 gives the average quality of ideas for the initial idea generation session 
in user group 2 with a single iteration.  As we can see from the results the average quality 
of concepts increases within the ideation session itself. In the initial 20 minutes when the 
user is first presented with a design problem we can see the average quality is 4.62. 
Design iteration is then performed and after the incubation we can see the quality of 
concepts increases with a single iteration. As seen from Table 6.22, within user group 3 
the average quality of concepts for the first iteration is higher than the average quality of 
concepts for the initial ideation. When we compare the average quality of concepts from 
the first and second iteration we can see they there is a significant increase in the average 
quality. Consequently we can say that within the ideation session involving iteration, we 








































Table 6.21: Average quality of ideas for the individual ideation session in group 3 
Group 3 (2 
iterations) 
Average quality of 
concepts 
Standard deviation 
IG31(13 minutes) 4.55 1.15 
IG32 (13 minutes) 5 1 
IG33 (13 minutes) 7 1 
 
Table 6.22: Wilcoxon Whitney-Mann test to compare average quality of concepts 
within user group 3 




Mean 4.55 5 
Variance 1.31 1 
P(T<=t) one-tail 0.58  




Mean 5 7 
Variance 1 1 





Mean 4.55 7 
Variance 1.31 1 




Figure 6.4: Average quality of concepts for each ideation session in user group 3 
 
 



























































Quality scores for the 3 user groups 
UG1 UG2 UG3
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6.3 Quality of concepts from the ‘best’ idea perspective 
In the previous sections of this chapter, the concept of quality was discussed from 
the perspective of average quality of concepts with respect to each user group. While this 
average quality of the user group is representative of ideas generated by the user group 
when design iteration is performed, it does not provide for an analysis to confirm if at the 
participant level there is an increase in quality of concepts from the start to the end of the 
ideation session when design iteration is performed. By comparing the best quality 
concepts generated by each participant from each of the ideation sessions comprising the 
design experiment we can say with certainty if design iteration promoted the increase in 
quality of concepts from start to end of the design experiment. Table 6.23 provides a 
summary of the research questions and the associated tasks that have been answered in 
the previous sections.  
Table 6.23: Summary of research questions 
Research Question Results/Tasks 
Does the quality of concepts increase with 
design iteration at the concept level? 
Yes 
How to determine if an increase in the 
number of design iteration translates to an 
increase in the quality of concepts 
generated at the concept level? 
Evaluate concepts at the participant level 
How many design iterations have to be 
performed to achieve a significant change 
in the quality of concepts generated during 
ideation? 
Further analysis required 
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6.3.1 Analysis  
To answer the research question - How to determine if an increase in the number 
of design iteration translates to an increase in the quality of concepts generated at the 
concept level? and RH3.1 – “At the participant level, the ‘best’ quality of concepts 
generated with ‘n’ iterations is greater than the ‘best’ quality of concepts generated with 
‘n-1’ iterations”, the concepts generated by the participants were evaluated considering 
the best concept (the concept with the highest quality score) from the initial idea 
generation session and the subsequent iterations 
Null hypothesis:      (   ) 
 RH3.1:       (   ) 
where  
Qkj = The ‘best’ quality of concepts in user group k 
k = User groups in the user study 
j= ideation segment in the ideation session 
. For example if a participant ‘D’ produced sketches with the quality ratings as 
shown in Table 6.24, A-4, A-5 and A-6 would be chosen as the best scores form the three 
sessions in user group 3. The number within the brackets indicates the corresponding 
ideation time within the entire ideation session – 1 denotes the initial ideation period, 2 
denotes the first iteration and 3 denotes the second iteration. The best sketches are chosen 
this way for each participant from every session and compared across to see if there is a 
significant change in the quality from the initial ideation session to the final ideation 
session constituting the design iterations. 
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Table 6.24: Participant best overall score 
Sketch D-1 (1) D-2 (1) D-3 (1) D-4(1) D-5 
(2) 
D-6 (3) 
R1 3 3 3 9 9 9 
R2 3 1 3 9 9 9 
R3 9 9 9 3 9 9 
R4 3 9 3 3 3 9 
R5 9 3 1 3 3 3 
R6 3 3 1 3 3 9 
Average quality 
score/concept 
5 4.67 3.33 5 6 8 
 
Table 6.25: Wilcoxon Whitney-Mann test to compare best concept quality for each 
ideation session within user group 2 
Participant Comparison P value Significance 
D IG21 vs IG22 0.14 No 
E IG21 vs IG22 0.18 No 
F IG21 vs IG22 0.25 No 
 
Table 6.26: Wilcoxon Whitney-Mann test to compare best concept quality for each 
ideation session within user group 3 
Participant Comparison P value Z value Significance 
G IG31 vs IG32 0.63 0.48 No 
G IG32 vs IG33 0.09 1.65 Yes 
G IG31 vs IG33 0.05 1.92 Yes 
H IG31 vs IG32 0.63 0.48 No 
H IG32 vs IG33 0.34 0.96 No 
H IG31 vs IG33 0.09 1.65 Yes 
I IG31 vs IG32 0.63 0.48 No 
I IG32 vs IG33 0.09 1.65 Yes 
I IG31 vs IG33 0.05 1.92 Yes 
 
Table 6.25 and Table 6.26 give the comparison of the best quality scores within 
user groups 2 and 3 respectively. As seen from the tables we can see that within user 
group 2, although there is an increase in the ‘best’ quality from the previous ideation 
 88 
session, it is not significantly different at a significance level of 0.1. However, from Table 
6.26 we can see that there is a significant change in the ‘best’ quality when the initial idea 
generation is compared with subsequent design iterations for the majority of the 
participants.  This answers RQ3 – “Does an increase in the number of design iteration 
translates to an increase in the quality of concepts generated at the participant level?” 
and thereby proves RH3.1 – “At the participant level, the ‘best’ quality of concepts 
generated with ‘n’ iterations is greater than the ‘best’ quality of concepts generated with 
‘n-1’ iterations” .  
Since the quality scores in this analysis are ordinal non parametric data, 
comparison of average quality of concepts would not be accurate representation of the 
quality of the concepts. Scalar statistics cannot be applied to ordinal data as ordinal data 
are represented by uneven intervals between the ratings on the scale that results in 
erroneous analysis [41]. Statistics such as “average” quality of ideas may lead to incorrect 
conclusions when non parametric data and ordinal scales are involved [42]. Wilcoxon 
tests are appropriate for non-normally distributed data, including ordinal numbers, and 




Figure 6.6: Sum of 'best’ quality score from individual ideation periods in user 
group 2 
Figure 6.6 and Figure 6.7 is a representation of the sum of the quality scores of 
the ‘best’ concepts at the individual level for user groups 2 and 3 [44].  The percentages 
indicate the percentage increase in the sum of the best quality score over the previous 
ideation segment. Combining the results from Table 6.25 and Table 6.26 and observing 
the figures we can certainly see that the quality scores at the individual level improve as 
more design iterations are performed. As seen from Figure 6.6 and Figure 6.7, it is 
evident that there is an increase in the sum of the ‘best’ quality score from the initial 
ideation session to the subsequent design iteration. These results prove RH3.1 - “At the 
participant level, the ‘best’ quality of concepts generated with ‘n’ iterations is greater 
than the ‘best’ quality of concepts generated with ‘n-1’ iterations”. 
 





























Figure 6.7: Sum of 'best’ quality score from individual ideation periods in user 
group 3 
6.4 Summary  
This section summarizes the analysis, results and the conclusions drawn from 
Section 6.1 and 6.2.An overall Cohen’s Kappa value of 0.82 was achieved, thereby 
establishing substantial inter rater agreement between the two raters over several 
iterations. With a substantial agreement among the raters we can be confident that the 
quality of concepts obtained from the analysis of the sketches developed by the 
participants are highly reliable. 
The average quality of concepts was found to increase with an increase in the 
number of iterations. We can say based on the results presented in this chapter that the 
average quality of concepts generated with design iteration is greater than the average 
quality of concepts generated without design iteration. RH1.1 is supported to be true. 































The quality scores for user groups with design iteration were significantly higher 
than the control group. Among the user groups that performed design iteration, though 
there was an increase in the quality of concepts with an increase in the number of design 
iterations performed - both average quality and ‘best’. However the increase in the 
quality of concepts was not significant at level of 0.1. Therefore we cannot say with 
certainty that the average quality of concepts generated with two design iterations is 
greater than the average quality of concepts generated with one design iteration. RH1.2 is 
not supported to be true. 
The number of concepts generated by the participants decreased from the initial 
ideation period to the subsequent design iterations for both the user groups that 
performed design iteration. Therefore we can say that at the concept level, the number of 
concepts/ideas generated decreases with an increase in the number of design iterations 
performed. RH2.1 is supported to be true. 
To further support the research questions and hypothesis, the concepts were 
assessed from the perspective of ‘best’ quality at the participant level – the concept from 
each ideation session having the highest quality score. When the concepts were compared 
across the initial ideation session and the subsequent design iterations, there was a 
significant increase in the ‘best’ quality at the participant level from the initial ideation to 
the subsequent design iterations. Thus, we can say that the ‘best’ quality of the concept at 
the participant level for ‘n’ iterations is greater than the ‘best’ quality for ‘n-1’ iterations. 
RH3.1 is supported to be true. 
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The average quality of concepts was compared within the ideation segments 
within the user groups to determine the effect of iteration on the quality of concepts. The 
analysis of the average quality of concepts within the user groups revealed that there was 
a significant increase in the average quality of concepts from the initial ideation segment 
to the first iteration. Thus we can say we can conclude that iteration in the design process 
enhances the average quality of concepts. This supports our hypothesis that iteration does 
promote an increase in the quality of ideas. This also gives us an insight into the number 
of iterations required to bring about a significant increase in the quality. RH3.2 is 









CHAPTER SEVEN: CONCLUSIONS AND FUTURE WORK 
7.1 Research Contributions 
The research presented in this thesis details two user studies that were conducted 
to determine and understand if iteration in the conceptual design stages promotes quality 
of design concepts. The participants were exposed to different ideation components in 
each of the user studies - Gallery method of idea generation and incubation. The gallery 
method of idea generation promoted group sharing of ideas resulting in a collaborative 
idea generation session. On the contrary, the second user study featured incubation as an 
ideation component that promoted individual idea generation. Prior literature on both 
these ideation components suggest a positive correlation between both the ideation 
components and quality of concepts[5], [6], [20], [24]. The concepts were statistically 
analyzed to determine if a relationship between iteration in the conceptual stage and the 
quality and quantity metrics exist. The concepts were evaluated using quantity, average 
quality and ‘best’ quality[24] as performance metrics in contrast to prior literature[5], [6], 
[20], [45] that primarily uses average quality as a performance metric. We find strong 
support that the as the number of iterations increase designers converge to a pool of high 
quality solutions. This further supports methods suggested by Pugh which explores 
convergence of design solutions based on a strong datum concept[46]. The fluency of 
ideas or the quantity metric decreased with an increase in iterations further supporting our 
proposed model of creativity that as designers progress through an idea generation 
sessions the idea pool converges to a set of high quality solutions. It is important to note 
here that the ‘best’ idea quality at the participant level increased with each iteration 
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resulting in high quality solutions for the design problem. By choosing the ‘best’ quality 
as a performance metric we exclude the low quality solutions that are generated by the 
designers thereby reducing the overall average quality for that designer. 
Our findings also shed light on the number of iterations that have to be performed 
to achieve a significant increase in the quality of concepts from the start of the ideation 
session. Though, this finding is still exploratory it does provide us insight into the amount 
of time that designers need to spend on a particular design problem to generate high 
quality solutions. This finding has significant implications for conceptual design in 
industry especially if iteration of design tasks account for one third to two thirds of the 
total product development time[4].   
7.2 Answering Research Questions 
RQ1. How does design iteration in the conceptual design stages enhance 
design performance? 
An experimental procedure was developed to identify the effect of design 
iteration on the design performance during the conceptual design stage (See Chapter 4). 
The concepts generated by the participants are evaluated from a quality and quantity 
perspective using experimental statistics. In accordance with our proposed model of 
design iteration we are interested in how well the design space is explored in an idea 
generation session and if the ideas generated during the ideation session have expanded 
the design space respectively. Highly novel ideas that are developed by designers are 
usually not the ideas with the highest quality scores as highly novel ideas are typically 
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‘out of the box’ ideas. On the contrary the ideas with the highest quality also are highly 
novel, in the sense that the best quality ideas in an idea generation session are the ones 
that have addressed the design requirements better than the other ideas. Two user studies 
were conducted – User study 1 using the gallery method of ideation and a User study 2 
using incubation as the treatment respectively. Statistical analysis of the quality of 
concepts is done from two perspectives – average quality of ideas generated and ‘best’ 
idea quality (See Chapter 5 and Chapter 6).  A panel of two raters evaluated concepts 
from the User study 1 and found the Cohen’s Kappa value to be low (0.459). Therefore 
the rubric used to grade the concepts had to be revised. The two raters then rated the 
concepts based on the new rubric going through three iterations to finally arrive at a 
substantial agreement (0.841). The refined quality scale is shown in Table 5.8. The 
results from the User study 1 are discussed in 5.2.3. The results did not provide sufficient 
evidence to support the hypotheses that design iteration promotes an increase in the 
quality of concepts. The quality of concepts increased with an increase in the number of 
design iterations but the increase in quality was not statistically significant.  
The concepts from the User study 2 were evaluated from an average quality and 
‘best’ idea quality perspective. A panel of two raters evaluated the concepts from the 
User study 2 and found the Cohen’s Kappa value for agreement to be low (0.578). The 
rubric was discussed amongst the two raters and after going through several iterations a 
substantial agreement was reached between the two raters (0.816). The iterations for the 
inter rater agreement are shown in Table 6.12. The results from the User study 2 are 
discussed in Section 6.2.4 and Section 6.2.5.  
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Figure 7.2:  Results for User Group 3 from User Study 2 
Show the results from User Study 2 represented in the form of the expected model 
from Figure 2.6. As seen from Figure 7.1and Figure 7.2, the average quality of concepts 
increases significantly when iteration is performed. Also with iteration the idea pool 
decreases as the participants build on ideas to generate higher quality solutions. We can 
also see that the ‘best’ idea quality at the each ideation segment to be increasing with 
iteration. At the end of the ideation session we can see that there is significantly lesser 
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number of solutions, but with higher average quality and ‘best’ quality than the previous 
ideation segment. 
 
RQ2. What is the relationship between design iteration and the number of 
concepts generated in an idea generation session? 
The quantity of concepts here refers to the total number of concepts generated by 
the participants in each segment of the idea generation session. In line with our proposed 
model we are interested to know if design iteration results in the confining the design 
space resulting in lesser quantity of ideas but with higher quality. The proposed research 
hypothesis states that “The number of concepts/ideas generated decreases with an 
increase in the number of design iterations performed”. To evaluate if there is a 
significant change in the quantity of concepts generated when design iteration is 
performed, the number of concepts generated by each participant is measured. The 
average number of concepts generated for each individual segment of the ideation session 
is compared with the subsequent segment to determine if the change in the quantity of 
ideas generated is significant.  
The results are discussed in Section 6.1 and suggest that suggest that as the 
participant’s progress along the idea generation session and as they perform design 
iteration the design space gets constrained. The participants follow a stream of ideas and 
develop those ideas resulting in lesser variety and higher quality solutions. This trend 
observed from the results is in agreement with our proposed model. 
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RQ3. How many design iterations have to be performed to achieve a 
significant change in the quality of concepts generated during 
ideation? 
To answer this research question, the concepts from the User study 2 were 
analyzed at the participant level. To understand the number of design iterations that are 
required to increase the quality of concepts generated significantly, the best concept is 
selected from each segment of the ideation session at the participant level. By comparing 
the quality of concepts for each participant across the user groups we determine the 
minimum number of design iterations that increases the quality of concepts generated 
significantly. The results are discussed in Section 6.3 and indicate that while there is an 
increase in quality of concepts at each segment of the ideation session for user group 2 
with one design iteration – the difference in the quality of ideas when compared to the 
previous segment is not significantly different (Table 6.25). However, for user group 3 
the difference in the quality of concepts across each segment of the ideation session is 
significant for each participant (Table 6.26). Thus, we can conclude that the at least two 
design iterations have to be performed to significantly increase the ‘best’ quality of 
concepts from the start of the idea generation session. This supports our hypothesis that 
iteration does promote an increase in the quality of ideas. This also gives us an insight 




RQ4. Does an increase in the number of design iteration translate to an 
increase in the quality of concepts generated at the concept level? 
As an extension of the previous research question - at the participant level the 
‘best’ quality concept from the undirected study is compared across each segment of the 
idea generation session. This comparison across the ideation segments reveals if design 
iteration promotes an increase in quality of concepts by itself. The average quality of 
concepts for three user groups is calculated and for the user groups with design iteration 
the average quality for the individual ideation segments is also calculated. The results are 
discussed in Section 6.2.5. The results indicate that for user group 2 with a single design 
iteration there is an increase in the average quality of concepts from the initial ideation 
segment (4.62±0.8) to the first design iteration and idea generation segment (6.5±0.43). 
The increase in the quality of concepts is found to be significant (p value = 0.02). 
Subsequently for user group 3 with two design iterations the average quality of concepts 
at the each ideation segment increases from (4.55±1.15) for the initial ideation segment to 
(5±1) for the first design iteration and ideation and finally to (7±1) for the final design 
iteration and subsequent ideation segment. The increase in the average quality is found to 
significant across the initial ideation segment and the second design iteration (p value= 
0.01). The average quality is also significantly higher when the first iteration and the 
second design iteration are compared (p value=0.07). Hence looking at the analysis we 
can say that increased design iteration translates to increase in the quality of concepts. 
We can clearly see that the average quality at the end of idea generation session for user 
group 3 improved significantly from the start of the session.  
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7.3 Research conclusions 
The two design experiments conducted over the course of this research addresses 
the effect of design iteration on design performance. The conclusions from the design 




















Table 7.1: Answers to research questions 
Research Question Research Hypothesis Accept/Reject Conclusions 
RQ1: How does iteration in 
the conceptual design 
stages enhance design 
performance? 
RH1.1: The average 
quality of concepts 
generated with design 
iteration is greater than 
the average quality of 
concepts generated 
without design iteration 
Accept 
C1: The average 




RH1.2: The average 
quality of concepts 
generated with two 
design iterations is 
greater than the average 
quality of concepts 
generated with one 
design iteration. 
Reject 
C2: The average 
quality of concepts 
increased with 
design iterations but 
difference is not 
significant 
RQ2: What effect does 
design iteration have on the 
number of concepts 
generated with iteration? 
RH2.1: The number of 
concepts/ideas generated 
decreases with an 
increase in the number 
of design iterations 
performed. 
Accept 
C3: As design 
iteration is 
performed the 
number of ideas 
generated by the 
participants 
decreases leading to 
higher quality 
solutions 
RQ3: How to determine if 
an increase in the number 
of design iteration 
translates to an increase in 
the quality of concepts 
generated at the concept 
level? 
RH3.1: At the 
participant level, the 
‘best’ quality of 
concepts generated with 
‘n’ iterations is greater 
than the ‘best’ quality of 
concepts generated with 
‘n-1’ iterations 
Accept 
C5: The ‘best’ 
quality of concepts 
increases with 
iteration at the 
participant level 
RH3.2: Within the user 
groups the average 
quality of concepts 
generated with ‘n’ 
iterations is greater than 
the quality generated 
with ‘n-1’ iterations  
Accept 
C6: Within the user 
groups the average 
quality of concepts 
generated with two 
iterations is higher 
compared to the 
quality generated 




7.4 Future Research opportunities 
Several research opportunities have been identified that will further substantiate 
the results from this research and provide avenues to explore idea generation techniques 
and design iteration at various stages of the design process. A few opportunities for future 
work include: 
 The treatment used in the user studies in this research are the gallery method of idea 
generation and incubation. The next step would be to study design iteration by 
introducing different idea generation techniques like collaborative sketch, 6-3-5 
method to name a few. The goal would be to establish a model that combines 
elements from these idea generation techniques to propose a model of design iteration 
to generate the highest quality of ideas in the conceptual design stage. RQ: What 
effect does design iteration have on different models of design iteration? 
 The results from the user studies presented in this research indicated a difference in 
the complexity of the design problem presented to the participants over the course of 
the two user studies. It is interesting to note that the fluency [29] or the quantity of 
ideas displayed different trends for each of the user studies. While in User study 1 the 
concepts generated per minute per designer decreased with an increase in number of 
iterations, the number of concepts generated per minute per designer decreased with 
iterations in User study 2. This poses an interesting research question for future work 
in terms of the relationship between the complexity of the design problem and the 
quantity of ideas generated. A critical time period in the idea generation where the 
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designers fully understand the design problem and to let the “creative juices” flow 
could provide for interesting future research work. 
 From the results of the user studies it was observed that there was an increase in the 
quality of concepts when design iteration was performed. However, the increase in 
the quality of concepts was not significant when the average quality of concepts was 
compared with the user groups with single design iteration and two design iterations.  
Increasing the sample size of the study should produce more data that can be analyzed 
to confirm or discard this hypothesis. In future studies, the groups featuring design 
iteration the participants could be asked to down select concepts explicitly after the 
initial idea generation session in order further narrow the idea pool to produce higher 
quality solutions. The percentage of down selection can be explored in future studies. 
 The quality scale used in this research can be investigated by introducing a third rater 
to check for inconsistencies in the scale. The third rater is introduced after the running 
the through the iterations to establish a substantial agreement between the first two 
raters. This method would then expose inconsistences in the quality scale and 
establish credibility for the scale. The scale used in this research is a three point 1-3-9 
ordinal scale. This scale can be modified to a five point scale or a different three point 
scale such as 1-2-3 and the results can be verified using the new scales. RQ: What 
effect does modification of the quality scale have on the results obtained in this 
research?  
 Down selection and convergence of ideas has been studied by a number of 
researchers. An interesting aspect of down selection would be to develop a model of 
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creativity and idea generation that would quantify down selection. This model can 
then possibly suggest the number of ideas that could be identified as high quality 
solutions for the next iteration. It will be interesting to study the quality metric from 
this optimized solution space and compare with a solution space from a conventional 
idea generation method. Another interesting research area would be down selecting 
participants [24] instead of ideas and thereby optimizing idea generation by screening 
only for the highest performers. 
 In the scope of this research the effect of design iteration quality and quantity of 
concepts was studied. It is important to study the effect of other metrics like novelty 
and variety of design ideas with respect to design iteration to create a model of 
creativity and determine how iteration affects creativity of designers. It would also be 
interesting to evaluate ideas in terms of originality [6], feasibility of design solutions 
[47] and Innovative characteristics metric (ICM) [48] and study the effect of design 
iteration on these metrics. The ICM metric in particular, could be used as an effective 
metric to assess the novelty and originality of early stage design solutions. The ICM 
metric measures innovativeness by comparing the ideas generated during the idea 
generation session to products or solutions that already exist in the market and assign 
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1 9 9 0 1 0 0 0 9 9 4.5 
24 1 1 0 1 0 4.5 4.5 4.5 4.5 0 
23 1 1 0 1 0 0 0 9 9 0 
12 9 9 0 5 0 9 4.5 0 4.5 9 
21 1 1 0 1 0 0 0 5 5 9 
7 1 9 0 1 0 9 0 9 9 0 
9 1 5 0 9 0 0 0 9 9 9 
43 9 5 0 9 0 9 0 9 9 9 
18 9 1 1 1 0 9 0 4.5 0 0 
2 9 1 0 1 0 0 0 9 9 0 
2 1 1 0 1 0 4.5 4.5 4.5 4.5 0 
15 9 0 0 1 0 0 0 9 0 9 
26 1 1 0 1 0 1 1 1 1 0 
43 9 9 0 9 0 9 9 4.5 4.5 9 
31 1 1 0 1 0 9 9 4.5 4.5 0 
3 1 1 0 1 0 9 9 4.5 4.5 0 
22 5 0 0 1 0 0 0 9 0 0 
8 5 0 0 1 0 0 0 9 0 0 
32 1 0 0 1 0 0 0 9 0 0 
50 9 4.5 0 1 0 9 4.5 4.5 4.5 9 
29 9 4.5 0 1 0 9 4.5 9 4.5 9 
40 9 9 0 1 0 0 0 9 9 9 
22 9 9 0 9 0 9 0 9 9 9 
15 0 9 0 4.5 0 0 0 0 9 0 
41 0 1 0 1 0 0 0 0 9 9 
34 5 1 0 1 0 0 0 9 9 0 
40 5 1 0 1 0 0 0 9 9 0 
20 9 0.5 0 1 0 9 0 0 9 4.5 
2 9 0 0 1 0 0 0 9 0 0 
15 1 1 0 1 0 0.5 0.5 4.5 4.5 0 
46 1 9 0 1 0 0 0 9 9 4.5 
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43 1 1 0 1 0 0 0 9 9 0 
14 9 9 0 1 0 9 0 9 9 4.5 
27 0 1 0 1 0 0 0 0 9 0 
18 0.5 5 0 9 0 0 0 9 9 0 
22 5 1 0 1 0 9 0 9 9 0 
32 5 1 0 1 0 9 0 9 9 0 
17 9 1 0 1 0 9 0 9 9 9 
33 9 9 0 5 0 0 0 9 9 0 
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6 9 3 9 6 3 3 
20 3 1 3 6 3 1 
16 9 9 9 3 9 3 
25 1 1 1 1 3 3 
24 3 9 3 6 9 9 
2 9 1 6 5 2 9 
10 9 3 3 6 6 3 
6 3 6 2 6 3 9 
11 3 9 1 3 1 3 
18 9 9 1 3 1 3 
26 9 9 1 3 1 3 
23 9 9 3 3 3 6 
9 1 1 9 9 1 1 
2 9 9 3 3 3 3 
26 9 9 1 9 2 9 
33 9 9 2 9 1 9 
24 9 9 1 9 1 9 
28 3 9 9 9 3 9 
7 3 3 2 9 3 3 
16 9 9 9 9 9 3 
22 9 3 9 9 3 3 
24 9 3 1 9 3 2 
30 9 9 3 9 3 3 
33 9 9 3 9 2 3 
4 1 1 9 9 6 1 
6 9 9 9 9 6 3 
10 9 3 9 9 3 3 
34 6 3 9 3 1 2 
1 9 9 3 6 3 3 
25 9 6 9 3 3 3 
17 9 9 9 9 3 9 
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34 9 9 9 3 3 3 
15 9 9 9 3 3 3 








































Appendix C: Concept Sketches from the user studies 













































































Concept sketches from User Study 2 
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